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This project is concerned with the Rutherford back- 
scattering (RBS) analysis of silicon oxide layers formed by 
ion implantation.
The physical, optical and the electrical properties of 
these layers were assessed as a function of the implant dose, 
implant energy and the annealing treatment.
To ascertain the quality and possible applications of 
the "implantation grown" oxides, their properties were compared 
with thermally grown Si02 .
Layers formed by implanting oxygen with doses of
1 r 10 _ 2
10 to 3 x 10 ions cm , at energies of 40 to 120 keV,
were analysed by RBS to determine:
a) the implanted oxygen profile
b) the stoichiometry of the layer
c) the radiation damage.
The oxygen profiles agree with the theory at low doses, but
at high doses a uniform layer of thickness approximately twice 
the projected range is formed.
The area under the oxygen profile decreases for doses
greater than the saturation dose, although the stoichiometry 
of the layer is not affected. This decrease was correlated with 
a reduction in the backscattered silicon signal from the 
implanted layer. This suggests that the oxide thickness 
is being reduced by sputtering.
Stoichiometric Si02 was found to be formed for a peak 
oxygen concentration equivalent to twice the silicon atomic
ABSTRACT
(iii)
density. Annealing at 1000°C had an insignificant effect on 
the RBS spectra of the implanted layers, however the 
disorder area under the interface peak was reduced by 70%. 
Once a uniform ldyer was formed this disorder area decreased 
with increased implanted dose.
Infra red transmission, capacitance-voltage, dielectric 
breakdown field, current-voltage, chemical etch rate and 
ellipsometry measurements were used as complimentary 
techniques to supplement the RBS results.
(iv)
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it not be forgotten that much 
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S i l i c o n  o x i d e  h a s  b e e n  u s e d  b o t h  as a  m ask f o r  
d i f f u s i o n  p r o c e s s e s  and  as  th e  p a s s i v a t i n g  l a y e r  f o r  s e m i ­
c o n d u c t o r  d e v i c e s .  I n  a d d i t i o n  t o  t h e s e  u s e s ,  r e c e n t l y  
o x i d e s  h a v e  b e e n  u s e d  J n  t h e  a c t i v e  r e g i o n s  o f  MOSFETs an d  
i n  t h e  p a s s i v e  r e g i o n s  o f  c a p a c i t o r s  o f  d e v i c e s  f a b r i c a t e d  
on s i l i c o n  s u b s t r a t e s .
S i l i c o n  d i o x i d e  l a y e r s  a r e  p r o b a b l y  t h e  m o s t  w i d e l y  
u s e d  t h i n  f i l m s  i n  t h e  p r e s e n t - d a y  m i c r o e l e c t r o n i c  
t e c h n o l o g y .  T h e r e f o r e  t h e y  h a v e  r e c e i v e d  much a t t e n t i o n  
f r o m  r e s e a r c h e r s  i n  r e c e n t  t i m e s .  The e s s e n t i a l  f e a t u r e s  
t h a t  make th em  s u p e r i o r  t o  o t h e r  o x i d e s  a r e :  h i g h
d i e l e c t r i c  s t r e n g t h ,  t e m p e r a t u r e  s t a b i l i t y ,  s i m p l i c i t y  i n  
p r e p a r a t i o n ,  r e p r o d u c i b i l i t y ,  a l s o  t h e y  may b e  s e l e c t i v e l y  
e t c h e d .  T h e  m a j o r  d i s a d v a n t a g e  o f  t h e  s i l i c o n  d i o x i d e  i s  
t h a t  i t  h a s  a - s l i g h t l y  o p e n  s t r u c t u r e  and  t h e r e f o r e  i s  n o t  
i m p e r v i o u s  t o  a l k a l i  (N a 'h) i o n s ,  e v e n  a t  m o d e r a t e  t e m p e r a t u r e  
a n d  b i a s .
I n  t h e  c a s e  o f  t h e  s t u d y  o f  s i l i c o n  s u r f a c e s ,  s i l i c o n
d i o x i d e  l a y e r s  h a v e  b e e n  v e r y  u s e f u l  and  t h e r e f o r e  h a v e
c o n t r i b u t e d  im m e n s e ly  t o  t h e  d e v e lo p m e n t  o f  t h e  s i l i c o n
d e v i c e  t e c h n o l o g y .  H ig h  v o l t a g e  t r a n s i s t o r s  h a v e  b e e n
d e v e lo p e d  u s i n g  a s e m i - i n s u l a t i n g  p o l y - c r y s t a l l i n e - s i l i c o n
s t r u c t u r e ,  w i t h  v e r y  good  c h a r a c t e r i s t i c s . ^  S i x t e e n  b i t
r i n g  m o d u l a t o r  i n t e g r a t e d  c i r c u i t s  h a v e  b e e n  p r o d u c e d
(2 )r e c e n t l y ,  b a s e d  on a  b u r i e d  s i l i c o n  o x i d e .  T h e  b u r i e d
o x i d e  was p r o d u c e d  b y  o x y g e n  i o n  i m p l a n t a t i o n  i n t o  s i n g l e
-  I  -
1*1* Introduction
I - 2 -
T h is  i n v e s t i g a t i o n  i s  p r i m a r i l y  c o n c e r n e d  w i t h  t h e
17e x a m i n a t i o n  o f  t h e  p r o p e r t i e s  o f  h i g h  d o s e s  ( > 1 0  io n s  
_  2
cm ) o f  o x y g e n  i m p l a n t a t i o n ,  i n t o  s i n g l e  c r y s t a l  s i l i c o n ,  
a t  v a r i o u s  e n e r g i e s  a n d  i m p l a n t  d o s e s .
Th e  p r i n c i p a l  o b j e c t i v e s  h a v e  b e e n  t o  fo r m  s i l i c o n  
o x i d e  on t h e  s i l i c o n  s u b s t r a t e  ( o r  b u r i e d  b e lo w  t h e  s u r f a c e ) , 
an d  t o  e n u m e r a t e  t h e  p r o p e r t i e s  o f  t h e s e  o x i d e s ,  (a n d  t h e  
o x i d e - s i l i c o n  s u b s t r a t e  i n t e r f a c e ) , as a f u n c t i o n  o f  t h e  
i m p l a n t  e n e r g y ,  i m p l a n t e d  o x y g e n  d ose  and  t h e  p o s t  im ­
p l a n t a t i o n  t r e a t m e n t .  R u t h e r f o r d  b a c k s c a t t e r i n g  (RBS) h a s  
b e e n  u s e d  as t h e  m a j o r  d i a g n o s t i c  t e c h n i q u e ,  w i t h  i n f r a - r e d  
( I R )  s p e c t r o s c o p y ,  c a p a c i t a n c e - v o l t a g e  ( C - V ) , e t c h  r a t e ,  
a n d  e l l i p s o m e t r y  as  t h e  s u p p l e m e n t a r y  t e c h n i q u e s .  U s in g  
t h e  RBS t e c h n i q u e ,  t h e  p h y s i c a l  p r o p e r t i e s ,  t h e  o x y g e n  
p r o f i l e ,  o x y g e n  t o  s i l i c o n  r a t i o  (a s  f u n c t i o n  o f  d e p t h ) ,  
an d  t h e  damage a t  t h e  s i l i c o n  s u b s t r a t e - i m p l a n t e d  l a y e r  
i n t e r f a c e  h a v e  b e e n  o u t l i n e d .  T h e  o t h e r  t e c h n i q u e s  w e r e  
g e n e r a l l y  u s e d  t o  co m p are  q u a l i t a t i v e l y  t h e  p r o p e r t i e s  o f  
t h e  " i m p l a n t a t i o n  g ro w n "  o x i d e s  w i t h  t h o s e  o f  t h e r m a l l y  
g ro w n  d e v i c e  q u a l i t y  o x i d e s .
I t  i s  i n t e n d e d  an d  h o p e d  t h a t  t h i s  i n v e s t i g a t i o n  w i l l  ' 
f u r t h e r  t h e  u n d e r s t a n d i n g  o f  t h e  f o r m a t i o n  o f  compounds  
b y  i o n  i m p l a n t a t i o n  and  h i g h l i g h t  t h e  a s s o c i a t e d  p r o b l e m s .
crystal silicon.
1 . 2 .  P r e p a r a t i o n  o f  S i l i c o n  O x id e s  by  C o n v e n t i o n a l  
T e c h n i g u e s .
N um erous t e c h n i q u e s  o f  p r e p a r i n g  s i l i c o n  o x i d e s ,  f o r  
t h e  p u r p o s e  o f  t h e  m i c r o e l e c t r o n i c s  t e c h n o l o g y ,  h a v e  b e e n  
i n v e s t i g a t e d .  H e r e  we s h a l l  p r e s e n t  a b r i e f  p r e c i s  o f  
some o f  t h e  t e c h n i q u e s .
Properties of silicon dioxide prepared, utilizing 
the technique of electron beam evaporation were reported
(3 )
by  P l i s k i n  and C a s t r u c c i  i n  1 9 6 8  and  a l s o  b y  P l i s k i n
( 1 9 6 8 )  V o s s e n ^  p r e p a r e d  s i l i c o n  d i o x i d e  f i l m s
i n  1971  ( a t  a t e m p e r a t u r e  o f  1 0 0 ° C ) , u s i n g  t h e  r a d i o
f r e q u e n c y  (RF) s p u t t e r i n g  t e c h n i q u e .  G o ld s m i t h  and K e r n
( 1 9 6 7 ) ^ ,  Wong (19  76)^ ^  and  P l i s k i n  ( 1 9 7 7 ) ^ ^ ,  h a v e
a l l  r e p o r t e d  on t h e  p r e p a r a t i o n  p r o c e d u r e  an d  on t h e
p r o p e r t i e s  o f  v a p o r - d e p o s i t e d  s i l i c o n  d i o x i d e  f i l m s .
(9 )K e rn  ( 1 9 7 6 )  a l s o  r e p o r t e d  on t h e  d e n s i f i c a t i o n  o f  
t h e s e  c h e m i c a l  v a p o r  d e p o s i t e d  f i l m s ,  and  t h e  k i n e t i c s  o f  
d e n s i f i c a t i o n .
B eyn o n  e t  a l  ( 1 9 7 3 )  i n v e s t i g a t e d  an e l e c t r o ­
c h e m ic a l  t e c h n i q u e  f o r  g r o w in g  a n o d ic  s i l i c o n  d i o x i d e  
f i l m s ,  and  s t u d i e d  t h e  S i - S i 0 2 i n t e r f a c e  an d  t h e  f i l m  
p r o p e r t i e s .  K o n o va  a n d  M i c h a i l o v  ( 1978) ^ c o n f i r m e d  t h e
p r e p a r a t i o n  o f  c r y s t a l l i n e  a n o d ic  s i l i c o n  d i o x i d e  on a
(1 2)s i l i c o n  s u b s t r a t e .  V a l l e t a  e t  a l  ( 1 9 6 6 )  r e a c t i v e l y
s p u t t e r e d  good q u a l i t y  s i l i c o n  d i o x i d e  f i l m s .
T h e r m a l  o x i d a t i o n  o f  s i l i c o n  i n  w e t ,  d r y  o r  s te a m  
a m b i e n t s ,  i s  o ne  o f  t h e  m o s t  i n v e s t i g a t e d  a n d  b e s t  u n d e r ­
s t o o d  t e c h n i q u e s  o f  p r e p a r i n g  s i l i c o n  d i o x i d e  f i l m s ,  on
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s i l i c o n  s u b s t r a t e s .  T h e s e  o x i d e s  a r e  t h e  m o s t  w id e ly -  
u s e d ,  s i n c e  t h e y  h a v e  o v e r a l l  s u p e r i o r  p r o p e r t i e s  
c o m p a re d  w i t h  t h e  o x i d e s  p r e p a r e d  b y  a n y  o f  t h e  o t h e r  
c o n v e n t i o n a l  t e c h n i q u e s .
Thermal oxidation of silicon has been thoroughly
c o v e r e d  by A t a l l a  e t  a l , ( 1 9 5 9 )  D e a l  ( 1 9 6 3 )
K o o i  ( 1 9 6 3 )  a n d  G ro v e  ( 1 9 6 7 )  . D e a l  a n d  G ro v e
( 17)( 1 9 6 5 )  p r e s e n t e d ,  t h e n  an  u p - t o - d a t e  summary o f  t h e
w o rk  done on t h i s  t o p i c  a n d  p o s t u l a t e d  t h e  g e n e r a l
(18)r e l a t i o n s h i p s .  D u r i n g  t h e  same p e r i o d  G ro v e  e t  a l , ( 1 9 6 5 )
p r e s e n t e d  a c o m p r e h e n s iv e  s t u d y  o f  t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s ,  u s i n g  t h e  M e t a l - O x i d e - S e m i c o n d u c t o r  (MOS)
(19)
c a p a c i t o r  as an a n a l y t i c a l  t o o l .  D e a l  e t  a l  ( 1 9 6 7 )  
f o l l o w e d  t h i s  w o r k  w i t h  f u r t h e r  i n v e s t i g a t i o n  o f  t h e  
e l e c t r i c a l  p r o p e r t i e s .
The  p r o p e r t i e s  o f  t h e r m a l l y  g row n s i l i c o n  d i o x i d e  
w h ic h  a r e  s u i t a b l e  f o r  p a s s i v a t i o n  a r e :
( i )  d i e l e c t r i c  b re a k d o w n  s t r e n g t h  o f  6 x 10^ v o l t s
- 1 (2 0 ). cm ' ,
11 ~ 2 -l
( i i )  i n t e r f a c e  s t a t e  o f  d e n s i t y  o f  1 - 4  x  10 cm e V  
(2 0 ) ;
( i i i )  r e s i s t i v i t y  o f  l O 1  ^ o h m - c m ^ 1 ^
11 —2 (19)( i v )  f i x e d  c h a r g e  d e n s i t y  o f  5 x  10 cm
T h e s e  a r e  t h e  t a r g e t  v a l u e s  f o r  " i m p l a n t a t i o n  g ro w n "
o x i d e s .
E l e c t r i c a l  m e a s u re m e n ts  (C -V  and  I - V )  a r e  n o r m a l l y  u s e d  
t o  e v a l u a t e  t h e s e  p r o p e r t i e s  o f  t h e  o x i d e s .  P h y s i c a l  and  
c h e m i c a l  a n a l y s e s  a r e  a l s o  p e r f o r m e d  t o  c h a r a c t e r i z e  t h e s e
- 4 -
- 5 -
o x i d e s )  t h e  f o l l o w i n g  a r e  t h e  m ore  i m p o r t a n t  t e c h n i q u e s :  
r e f r a c t i v e  i n d e x ,  e t c h  r a t e ,  i n f r a  r e d  s p e c t r o s c o p y  and  
s t r e s s  m e a s u r e m e n ts .
A l t h o u g h  t h e  c o n v e n t i o n a l  o x id e s  h a v e  t o  b e  g ro w n  a t  
h i g h  t e m p e r a t u r e s ,  t y p i c a l l y  1 0 0 0 ° C ,  t h e y  h a v e  so f a r  
a d e q u a t e l y  s e r v e d  t h e  s i l i c o n  t e c h n o l o g y  f o r  p a s s i v a t i o n  
a n d  i n s u l a t i o n .  A ny m e th o d  t h a t  i s  p r o p o s e d  t o  s u p e r s e d e  
t h i s  c h e m i c a l  r e a c t i o n  p r o c e s s  o f  g r o w in g  s i l i c o n  d i o x i d e ,  
m u s t  p r o d u c e  o x i d e s  t h a t  a r e  a t  l e a s t  o f  t h e  c o m p a r a b le  
q u a l i t y .
P r o d u c in g  s i l i c o n  o x i d e s  by  o x y g e n  i m p l a n t a t i o n  i n t o  
s i l i c o n ,  h a s  r e c e i v e d  r e l a t i v e l y  l i t t l e  a t t e n t i o n ' 2 3 , 2 4 , 2 5 )  
I n  t h e  n e x t  s e c t i o n  a sum m ary o f  t h e  compound f o r m a t i o n  b y  
i o n  i m p l a n t a t i o n ,  a n d  t h e  w o rk  done on s i l i c o n  o x i d e s  i s  
p r e s e n t e d .
-  6  -
1 . 3 . 1 .  I n t r o d u c t i o n
I o n  i m p l a n t a t i o n  i s  a w e l l  u n d e r s t o o d  and  c h a r a c t e r i z e d  
p r o c e s s  o f  d o p in g  s e m i c o n d u c t o r s ,  an d  some e x c e l l e n t  b o o k s  
h a v e  b e e n  w r i t t e n  on t h e  s u b j e c t .  The  b o o k  b y  D e a r n a l e y
( 0 C \
e t  a l , ( 1 9 7 3 )  c o v e r s  m o s t  a s p e c t s  o f  i o n  i m p l a n t a t i o n ,
i n c l u d i n g  m a c h in e  d e s i g n  an d  t h e  a s s e s s m e n t  o f  t h e
i m p l a n t e d  l a y e r s .  O t h e r  b o o k s ,  p e r h a p s  l e s s  c o m p r e h e n s iv e ,
(21)i n c l u d e  t h o s e  b y  M a y e r  e t  a l , ( 1 9 7 0 )  an d  C a r t e r  an d
(28)G r a n t  ( 1 9 7 5 )  . A l t h o u g h  t h e s e  b o o k s  m a i n l y  c o v e r  i o n
i m p l a n t a t i o n  i n t o  s i l i c o n  an d  g e rm a n iu m ,  com pound
s e m ic o n d u c t o r s  h a v e  n e v e r t h e l e s s  r e c e i v e d  much a t t e n t i o n
l a t e l y )  g a l l i u m - a r s e n i d e  b e i n g  t h e  m o s t  p r o m i n e n t  m a t e r i a l .  
( 2 9 , 3 0 , 3 1 , 3 2 )
The m a j o r  a p p l i c a t i o n  o f  i o n  i m p l a n t a t i o n  i s  i n  t h e  
d o p in g  o f  s e m ic o n d u c t o r s  as  an  a l t e r n a t i v e  t o  t h e  c o n v e n t i o n a l  
t e c h n i q u e  o f  d o p in g  b y  d i f f u s i o n .  The a d v a n t a g e s  and
l i m i t a t i o n s  o f  t h e  t e c h n i q u e  h a v e  b e e n  c o m p r e h e n s i v e l y
, . . . , (26 , 29 , 3 1 ,  33 , 3 4 )c o v e r e d  by many r e v i e w  a r t i c l e s  ' ' '  ' ' .
I n  t h i s  s e c t i o n  t h e  e f f e c t s  o f  r e l a t i v e l y  h i g h  
i m p l a n t e d  d o s e s ,  ( 0 . 1  t o  g r e a t e r  t h a n  200  a t o m i c  p e r c e n t ) ,  
o f  t h e  i m p u r i t y  i o n s  a r e  c o n s i d e r e d .  A t  s u c h  h i g h  d o s e  
l e v e l s ,  t h e  i m p l a n t a t i o n  e f f e c t s  a r e  q u a l i t a t i v e l y  and
q u a n t i t a t i v e l y  d i f f e r e n t  f r o m  t h o s e  o f  u s u a l  d o p in g  l e v e l s
13 15 —2i . e .  10 - 1 0  i o n s  cm . T h e s e  h i g h  d o s e  l e v e l s  c a n  l e a d
t o  g r o w t h  o f  s u r f a c e  f i l m s .
N a g u ib  an d  K e l l y  ( 1 9 7 5 )  o b s e r v e d  t h a t  b o n d  t y p e ,
c r y s t a l l i z a t i o n  t e m p e r a t u r e ,  an d  p r e f e r e n t i a l  s p u t t e r i n g ,  a r e
1.3. Synthesis of Compounds by Ion Implantation
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all important factors that must be considered when 
inducing structural changes via ion bombardment. They 
concluded that a stable compound is formed if the following 
conditions are complied to:
(i) bonding is predominantly ionic)
(ii) the crystallization temperature is lower than 
the melting temperature)
(iii) and the surface binding energy of the 
molecules is less than the atomic binding 
energy within the molecules.
We shall outline the method of implanting ions so 
that they react with the host atoms, to form a stable 
compound of different stoichiometry to the original
(36)substrate. The review article by Stephens and Wilson 
gives an excellent account of the formation of thin films 
by ion implantation.
1.3.2. Metallic Compounds.
In this section we shall present a precis of the 
published work, on the formation of compounds by ion 
implantation into metals. Two metals that have been 
under the scrutiny of researchers are, tantalum and 
aluminium. Tantalum based films are used as resistors in 
the hybrid integrated circuits, for their excellent 
stability and reliability.
(38)Perkins (1972) found that the resistivity of
tantalum and aluminium films changed with the implanted 
oxygen dose. He also observed the formation of both 
crystalline and amorphous regions, within the films.
Wilson et al, (1974) , reported on the ion implantation
+ + + of 0 , N2 and Ar into tantalum and tantalum-aluminium
alloy. They postulated the possible -formation of Ta2 O5 and
also Ta2N and TaN, for the appropriate conditions. The
(39)same authors in 1976 carried out further work on the
tantalum thin films, implanting nitrogen, oxygen, and argon 
into tantalum and tantalum oxide. Apart from the electrical 
measurements, they also determined the phase structure 
of these films. Using transmission electron microscopy (TEM), 
they described the formation of Ta02 and Ta^N^ films and 
their electrical properties.
Borders and Poate (1976) verified the formation
of Au-Cu and W-Cu alloys by the implantation of gold and
wolfram respectively into a copper substrate. Kuznetsov 
(41)et al, (1977) postulated the formation of AIN by
nitrogen implantation into aluminium, for application to
devices such as acoustic transducers and electroluminescent
sources of the short-wave length radiation. The formation
of these alloys was in good agreement with the work done
(38)at the University of Surrey , where it has been found 
that a polycrystalline film of the compound can be formed 
without the necessity of high dose implantation o=r annealing 
temperatures.
1.3.3. Semiconductor Based Compounds
(42)Segawa et al, (1974) stated the possibility of the
formation of a ternary alloy, consisting of mercury, 
cadmium, and tellurium for making high quality infra red
(37)
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detectors and sources. They implanted single crystal HgTe 
with Cd ions at an energy of 20 keV, and recorded the 
formation of the Hg, Cd Te mixed crystal. In the same
JL X  X
(43)year Stein investigated the formation of Ge-Nitride,
+ +Ge-Oxide and Ge-Oxynitride, by implanting N2 , 02 and 
NO+ respectively, into germanium. He concluded that the 
Ge-Oxide formed by ion implantation, had similar properties 
to the oxides produced by thermal oxidation of germanium, 
therefore it could not be used as a dielectric for device 
applications. Alternatively, the Ge-Nitride was found to 
be amorphous and therefore had good dielectric properties 
for device applications.
At present silicon is the most widely used semiconductor 
material, and naturally most of the ion implantation 
research has been concentrated on this material, both for 
doping and compound formation. Here we shall present a 
precis of the published work on the formation of compounds 
by ion implantation into silicon.
(44)Borders et al, (1971) reported on the formation of
SiC on single crystal silicon by C12+ implantation. They 
concluded that SiC can be formed at annealing temperatures 
as low as 850°C, by high dose carbon implantation into 
silicon. The carbon was found to be distributed in 
the implanted layer, in the form of SiC microregions, and 
they postulated the possibility of forming a continuous 
layer by implanting with even higher doses.
(4 5)In 1974, Rothemund and Fritzsche verified the
formation of SiC by ion implantation, although the main
They were successful in forming a continuous layer of SiC 
by using the multiple energy implants. After an anneal of 
up to 1300°C for 15 minutes in a vacuum or a nitrogen ambient 
it was found that the carbide-silicon interface was not 
completely ordered, therefore they concluded that the process 
had limited applications.
Formation of SiC and Si3N4 on silicon, by ion 
implantation, was described by Edelman et al, (1976) .
They found that the most suitable anneal temperature, for 
the re-crystallization of the implanted layer was in the 
region of 600°C to 850°C, for 30 minutes in dry nitrogen. 
Higher temperature annealing had negligible effect on the 
layer, which was in good agreement with Borders and Poate^40^
The substrate temperature during implantation, was 
found to effect the structure of the SiC layer the four
categories being*, polycrystal close to amorphous phase, 
well defined polycrystal,* texture and single crystal, for 
implantation temperatures of 600°C, 700°C, 800°C and 850°C 
respectively. They also found that $-SiC films on silicon 
are formed after a high temperature anneal at 850°C. 
Polycrystalline 8-Si3N4 close to the amorphous phase, was 
produced by nitrogen implantation into silicon at a 
substrate temperature of 850°C.
(47)Wada and Ashikawa (1976) affirmed the production
of silicon planar devices, using nitrogen implanted poly­
crystalline silicon layers as the oxidation mask in place
-  1 0  -
emphasis of their work was on multiple energy implants.
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of the conventional silicon nitride layers. The advantages 
of this process were, the elimination of the stress effect, 
anomalous to oxidation behaviour and' the reduction in the 
lateral oxidation bffect. The electrical properties, 
channel conductance, threshold voltage and junction leakage 
current, for these devices were found to be comparable 
with those of the devices manufactured by the conventional 
(LOCOS) process. Another interesting observation that they 
made was that, the silicon oxide layers behaved as diffusion 
masks against the electrically active nitrogen ions. As 
the mask alignment margin between the active region and the 
polycrystalline silicon gate was eliminated, the device 
packing density for MOS LSI's was increased.
Lezhieko et al, (1977) produced 8-SiC-Si hetro-
junctions by implanting carbon into silicon. They found 
that the current tunneling.mechanism predominated the 
system behaviour. They also suggested that a p-n junction 
was formed, when implanting into a p-type substrate. The 
reverse bias current of these junctions was found to be an 
order of magnitude less than the forward bias current.
1.4. Synthesis of Silicon Oxides by Ion Implantation
The p o s s i b i l i t y  o f  c o n v e r t i n g  t h e  s u r f a c e s  o f  c e r t a i n
elements to oxides and nitrides, using very high doses of
oxygen and nitrogen respectively, was first empiricised by
Smith in 195 6 ^ ^  . Watanabe and Tooi (1966) first
affirmed the actual possibility of silicon dioxide formation
(51)by ion implantation. Pavlov and Shitova (1967) later
verified this phenomenon, but no definite conclusions could
be drawn from either of these two publications, since 
experimental details were not given.
(52)Freeman et al, (1970) at Harwell, prepared silicon
oxide and silicon nitride layers by implantation of high
doses of oxygen and nitrogen ions respectively. From the
brief experimental details given in the publication, the
18 _ 2implanted oxygen dose of 2 x 10 ions cm at energies of
15 to 40 keV was sufficient, however their beam current
_2
density was in excess of ImAcm . The silicon susbtrate 
temperature during implantation, was in excess of 600°C, 
which may have had an adverse effect on the oxides, 
rendering them inferior to the thermally grown oxides. At 
these high substrate temperatures the sputtering rate is
(5 3)high as found by Gusev et al, . So although according
to the calculations in section II.3, they had implanted
with sufficient oxygen doses to form silicon dioxide,
the sputtering at these elevated implant temperatures had
(52)an adverse effect. Freeman et al, did not see any
significant change in the position of the maximum 
infra red (IR) absorption, this would indicate that 
they did not anneal at high enough temperature (800°C 
for 2 hours). It is known that annealing at greater than 
850°C has no effect on the IR absorption peak, therefore, 
the implant temperature must have been greater than 
800°C, for them not to see any changes.
-  12 -
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protection of p-n junctions. They found that for a beam
_  2
current density of greater than 20p.A 'em , the thickness 
of the oxide formed was drastically reduced because there 
was a high sputtering rate. From their IR analysis, it was 
concluded that silicon dioxide was formed after an anneal 
of 700°C, but they did not observe any capacitance 
modulation with d.c. bias, for the MOS devices. Fritzsche
(5 4)and Rothemund (1972) , made a brief mention of the
formation of silicon dioxide by this technique. Apart 
from pointing out that the IR maximum absorption peak 
shifts towards the higher wave length as function of 
anneal temperature, nothing new was revealed otherwise.
The general consensus of opinion on this brief early 
work, was that the oxides produced by ion implantation 
are inferior to the thermally grown silicon oxides. It was 
suggested that much more research needed to be carried out 
on this subject, before these oxides could be seriously 
considered as a substitute for the thermally grown oxides.
Dylewski and Joshi (1977) ^22 , 23 , 24 ) recen-}-^y published
work on high dose oxygen implantation into silicon to
form silicon dioxide. From their IR analysis, they
concluded, that stoichiometric Si02 is produced by oxygen dose
18 ~ 2implantation in excess of 1 x 10 ions cm (at an energy 
of 30 keV)) they found it necessary to perform post­
implantation annealing at temperatures of 800°C for 2
-5hours in a vacuum of 10 torr. This treatment resulted in 
the implantation oxide being impervious to water, with the
(5 3)Gusev et al, (1971) produced such layers for
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passivating properties comparable to those of thermally 
grown oxides. The capacitance-voltage (C-V) characteristics, 
obtained from the annealed implantation grown oxides, were 
similar to those of the thermally grown oxides. Post 
implantation annealing treatment also re-established the 
Si-Si02 interface with good structural and electrical 
properties, and good dielectric strength oxides. A time 
dependence of the breakdown process under a voltage stress, 
was also observed, which was attributed to the positive 
ion (Na+) drift.
From the current-voltage (I-V) measurements, on the 
samples implanted with high doses, carried out at room 
temperature, they achieved resistivities comparable to the 
thermally grown oxides after annealing. From these I-V 
characteristics, they proposed that at low electric 
fields, ohmic behaviour dominates, whereas at high electric 
fields the conduction is governed by a power law dependence.
(25)Badawi and Anand (1977) also reported on the
implantation grown oxides, with the capacitance-voltage. (C-V) 
method being their main analytical tool. The salient points 
of their work are:
(i) the implanted oxide thickness is greater
(approximately twice) than the projected (theoretical)
(55) . range ,
(ii) after annealing at a temperature of 1100°C for 
1 hour, the surface state density was reduced to a level 
comparable with the thermally grown oxides;
(iii) the implantation grown oxide dielectric constant
- 15 -
and its mobile charge density were comparable with the 
thermally grown oxides; although the implantation oxide 
density was slightly inferior;
(iv) considerable recrystallization of the underlying 
silicon substrate occurs after an anneal at temperatures 
of 900°C or greater.
(56)Astakhov et al, (1977) , studied the phase composition
and the structure of the implantation grown oxides by
means of IR spectroscopy and the electron beam diffraction
technique. They concluded that polycrystalline ion
implanted oxide layers were formed at a substrate
temperature >600°C for an ion energy >25 keV and a radiation 
18 - 2dose of >10 ions cm . These oxides had the cristobalite
structure but layers formed at a lower substrate temperature,
energy or dose were found to be amorphous. Kirov et al,
(5 7)(1978) , confirmed some of the results already published,
and found that an anneal in nitrogen ambient, at 1000°C for 
30 minutes, generated high-frequency capacitance-voltage 
(C-V) characteristics similar to the thermally grown oxides.
A further anneal in hydrogen, at 450°C for 1 hour, reduced 
both the surface state density and the flat band voltage. 
However, from the static C-V measurements they found a 
relatively large number of surface states between 1 0 11 to
^2 ~ 2 - i10 cm ev at mid gap, with the maxima occurring at 0.55 
eV and 0.8 eV, below the conduction band.
(25)Badawi and Anand (1977) also hypothesised that
buried oxide layers were formed for irradiation doses less 
than the saturation dose. This concept was utilized by Izumi
oscillator, by growing an epitaxial silicon layer on the 
buried oxide. The buried oxide was formed by oxygen 
implantation into silicon, and annealed at a temperature 
of 1150°C for 2 hours.
So far all the work that has been reported on the 
formation of silicon oxides by ion implantation, has 
generally been analysed using infra-red (IR) spectroscopy 
and capacitance-voltage (C-V) measurements.
In this project we have characterized the oxides using 
Rutherford backscattering (RBS) as the major diagnostic 
tool. The RBS results are complemented with IR, C-V,
I-V, etch rate, and SEM analysis techniques. A more 
thorough investigation into the properties of the oxides 
and the oxide-silicon substrate interface, as function 
of ion dose, ion energy and the post implantation 
annealing treatment has been performed. It is believed 
that the RBS analysis method in both the random and 
channeling modes gives much more insight to the under­
standing and characterization of these "implantation 
grown" oxides than any of the other techniques reported in 
the literature.
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(2)et al, (19 78) where they fabricated a 19 stage ring
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CHAPTER II
II. THEORY
II.1. Oxygen Range in Silicon
(55)Using the L.S.S. theory and the tables compiled
by Dearnaley et al, (1973) , the theoretical (gaussian)
distribution of the oxygen ions, implanted into silicon, 
at various doses (NQ) and energies were plotted. In 
figure II.1. the theoretical distribution of the implanted 
oxygen ions is presented, where the magnitude of the 
ordinate is dependent upon the implanted dose, and the 
abscissa (depth in R) is a function of the implanted ion energy
For these calcuations two important parameters are
(55)required from the L.S.S. tables and these are) the range
of the ions (Rp) and the standard deviation of the gaussian
distribution (AR„). The peak concentration (N ) of theP max
implanted ions, is related to the implanted dose (N^ ) by 
the relationship^2^ :
D ■ ~3Nmax = — —   !°ns cm   II. 1
maX /2 lf! ARp
and the equation for the gaussian distribution is:
2
N (x) = N exp. $ J   II. 2max ^ ( 2 )
where x = f e    II 3
Rp
and x is the distance from the surface into the substrate 
(depth).
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D e p t h  (A)
F i g u r e  I I .  1 Th e  o x y g e n  p r o f i l e s  Cor  120  keV r o o m t e m p e r a t u r e  
i m p l a n t s ,  f o r  t h r e e  d i f f e r e n t  d o s e s ,  s h o w i n g  
t h i c k n e s s  ( t ) ,  a n d  d e p t h  ( d )  o f  t h e  o x i d e s ,  
( t h e o r e t i c a l ,  s e c t i o n l l  . 1 ) .
T a b l e  I I . 1
Number Do s e  i o n s  cm D e p t h  (ft) T h i c k n e s s  (ft)
L 23l . l  X 10 2 6 0 0 700
2
') 3
2 . 7  X 10 “ J 1 760 1 4 8 0
3
23
3 . 6  X 10 1 1 60 3 5 6 0
- 19 -
Here only the implantation of 0+ into silicon has been
+considered the calculations are also valid for 0 2 implanted 
into silicon, however the effective energy of the implantation 
must be halved to yield similar r e s u l t s .
2 2The atomic density of unimplanted silicon is 5 x 10
- 3  (59) 2 3 __ 3atoms cm , so it was assumed that 1 x 10 cm of
oxygen ions would be required to form Si02 . This 
assumption is valid as long as the density of the silicon 
host material does not change during implantation. As 
the density does change with the implanted dose, these 
calculations need to be used cautiously. The ordinate 
in figure II.1 was calculated using equation II.1 
and the known atomic density of silicon.
From figure II.1 we also observe that at lower doses, 
the Si02 is buried, and as the implanted oxygen dose is 
increased, the oxide thickness increases, towards both the 
surface and the underlying substrate. Therefore we can 
see that the oxide thickness and the depth at which the 
oxide is formed, are functions of both the implanted dose 
and the implant energy (equations II.1, II.2 and II.3).
Using the equations given above and the atomic density 
of silicon, we then calculated the oxygen to silicon ratio 
as function of implanted oxygen dose, for the four energies 
that we are interested in. In figure II.2, we present 
(solid lines) the oxygen to silicon ratio for the various 
energies, as a function of dose. When the ratio equalled two, 
saturation was assumed to have been achieved.
~ 20 ~
assuming that the silicon concentration in the implanted
layer, does not change. Further it was assumed that the
projected range and the standard deviation of the projected
range did not change, ..and also no sputtering took place.
These assumptions are valid for low dose implants only, but
for the doses required to form compounds by ion implantation 
18 —2(=10 ions cm ), these assumptions no longer hold. To 
test if we could make these assumptions, it was decided 
to write a computer programme (see appendix 1) to carry 
out the various calculations, which take into consideration 
the above mentioned deviations from the simple case.
One of the most significant factors that had to be 
considered was the sputtering of the substrate material 
when bombarded with such high doses. Most of the published 
work on sputtering of silica has been that of bombardment 
with argon, and it was assumed, for the purpose of these 
calculations, that the silicon oxide formed by ion 
implantation would have similar sputtering characteristics 
to silica. The mean of the sputtering factor (S) was 
calculated from the results obtained by Hines (1957) ,
Tarasevich (1970) and Edwin (1973) , for energies
close to 40 keV. The average magnitude was calculated to 
be =1.47 atoms/ion for argon bombarding silica. A 
correction factor was then implemented for the different mass 
of the bombarding ion, (i.e. oxygen used in the present 
work) and argon (as used in the literature). ■This bom­
barding ion mass correction factor was inferred from
So far all the above calculations have been performed,
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f i g u r e  V I I . 7. i n  th e  book  by  C a r t e r  and C o l l i g o n  ,
+ + u s in g  th e  d a ta  f o r  45 keV  A r  b o m b a rd in g  Cu and  0 b o m b a rd in g
Cu, t h i s  f a c t o r  w as e s t im a t e d  t o  be 0..21. The f i n a l  e s t im a t e
gave  a s p u t t e r i n g  r a t i o  o f  0 .3 1  f o r  s i l i c a  bom barded w it h
o x yg e n .
The n e x t  c o r r e c t i o n  t h a t  needed  t o  be made, w as th e  
s p u t t e r  r a t e  dependence  on bom bardm ent e n e rg y .  The s p u t t e r  
r a t e  was e s t im a t e d  a s  f u n c t io n  o f  e n e rg y  from  th e  d a ta  g iv e n  
b y  H in e s  , T a r a s e v ic h  ^ ^  , E d w in ^ 6 ^  and S c h ro e d e r  e t  a l ,
(1971 ) . T h i s  was fo u n d  t o  be i n  an e x c e l l e n t  agreem ent
w it h  th e  r e s u l t s  p r e s e n te d  by  S ig m u n d . (1978 ) , f o r
/ r  r  \
co p p e r  bom barded w it h  k r y p t o n .  S igm und  c o m p ile d
s p u t t e r i n g  y i e l d s  f o r  45 k e V  i o n s  i n c id e n t  on s e v e r a l  
d i f f e r e n t  t a r g e t s  a l s o  i n  a g r a p h ic a l  fo rm , a s  shown i n  
f i g u r e  I I .  3. From  t h i s  g ra p h  o f  th e  s p u t t e r  r a t i o  a g a in s t  
th e  t a r g e t  atom  to  b o m b a rd in g  i o n  m ass r a t i o ,  a s p u t t e r  
r a t i o  o f  0 .3 3  f o r  o x yg e n  b o m b a rd in g  s i l i c o n  d io x id e  was 
i n f e r r e d ,  w h ic h  i s  i n  e x c e l l e n t  ag reem en t w it h  th e  above  
c a l c u l a t i o n s ,  and a s p u t t e r  r a t i o  o f  0 .2 3  f o r  o x yg e n  b o m b a rd in g  
s i l i c o n  a t  40 keV ,
T h e re fo re  from  a num ber o f  d i f f e r e n t  s o u r c e s  th e  s p u t t e r  
r a t i o  o f  0 .3 2  f o r  o x yg e n  b o m b a rd in g  s i l i c o n  d io x id e  a t  40 keV  
w as e s t im a te d .  I n  t a b le  I I .  2. i s  l i s t e d  a summary o f  th e  
s p u t t e r  r a t i o s  f o r  b o th  s i l i c o n  and s i l i c o n  d io x id e  
bom barded w it h  o x yg e n  a t  th e  a p p r o p r ia t e  e n e r g i e s .
I t  m ust be n o te d  t h a t  th e  s p u t t e r  r a t i o  i s  n o t  a l i n e a r  
f u n c t io n  o f  e n e rg y ,  i t  i n c r e a s e s  up t o  ^ 100 ke V  and 
s t a r t s  t o  d e c re a se  f o r  h ig h e r  e n e r g ie s .
-  2 2  -
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B o m b a rd in g  io n  
e n e rg y
S p u t t e r  R a t io ,  f o r  th e  
two s u b s t r a t e s .  
(M o le c u le s / io n )
(keV) S i 0 2 S i
40 0 . 32 0 .23
60 0 . 36 0 . 26
80 0 .3 7 0 .2 7
1 2 0 0 .3 7 0 .2 7
T a b le  I I . 2. T a b le  o f  th e  s p u t t e r  r a t i o  o f  o x yg e n
b o m b a rd in g  s i l i c o n  and s i l i c o n  d io x id e  
s u b s t r a t e  a t  room  te m p e ra tu re ,  f o r  
v a r i o u s  bom bardm ent e n e r g i e s .
F ig u re  1 1 .3  Summary o f  s p u tte r in g  y ie ld s  fo r  45 KeV ions
in c id e n t on s e v e ra l ta r g e ts ,  a f td r  P. Sigmund' ^ '
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A s th e  s p u t t e r  r a t i o  c h a n g e s  w it h  th e  c o m p o s it io n  o f  
th e  t a r g e t  m a t e r ia l ,  th e  s p u t t e r i n g  r a t i o  r e l e v a n t  to  
th e  p a r t i c u l a r  im p la n te d  d o se  h a s  to  -be e s t im a t e d .  The 
o x y g e n / s i l i c o n  r a t i o  u se d  i n  th e  s p u t t e r  r a t i o  c a l c u l a t i o n s  
i s  t h a t  a t  th e  s u r f a c e .  Due t o  th e  g a u s s ia n  typ e  
d i s t r i b u t i o n  o f  th e  im p la n te d  i o n s ,  th e  s u r f a c e  c o n c e n t r a t io n  
i s  much lo w e r  th a n  th e  pe ak  c o n c e n t r a t io n .  The s u r f a c e  
c o n c e n t r a t io n  was e s t im a te d  u s in g  e q u a t io n  I I . 2 . w h e re a s  
th e  peak  c o n c e n t r a t io n  w as c a l c u la t e d  from  e q u a t io n  I I . 1, 
f o r  th e  g iv e n  d o se  (N^) and im p la n t  e n e rg y .
A n o th e r  a l lo w a n c e  t h a t  h a s  t o  be made i s  th e  cha’nge  
i n  th e  p r o j e c t e d  r a n g e  and  th e  s t a n d a r d  d e v i a t i o n  o f  
ra n g e  o f  th e  im p la n te d  i o n s ,  due to  th e  chan ge  i n  th e  
d e n s i t y  o f  th e  im p la n te d  l a y e r .  By a s su m in g  t h a t  the  
p r o j e c t e d  ra n g e  and i t s  s t a n d a r d  d e v ia t i o n  i s  a l i n e a r  
f u n c t io n  o f  th e  d e n s i t y  o f  th e  im p la n te d  l a y e r ,  
t h e i r  m a g n itu d e s  w e r e  e s t im a t e d ,  f o r  in t e r m e d ia t e  d o se s  
from  th e  g iv e n  d a ta  f o r  o x yg e n  im p la n te d  i n t o  s i l i c o n  and
(55)
s i l i c o n  d io x id e  and  th e  c o r r e s p o n d in g  t h e o r e t i c a l
o x yg e n  t o  s i l i c o n  r a t i o .
The num ber o f  atom s rem oved  from  th e  s u r f a c e  l a y e r ,  
was a l s o  e s t im a t e d  u s i n g  th e  s p u t t e r  r a t e  c a l c u la t e d  as 
m e n t io n e d  above  f o r  t h a t  p a r t i c u l a r  o x yg e n  d o se .  The 
t h i c k n e s s  o f  th e  l a y e r  rem oved  by  s p u t t e r i n g  was a l s o  
e s t im a t e d ,  u s i n g  th e  know n num ber o f  atom s rem oved f o r
-  25 -
t h a t  d o se ,  and th e  im p la n te d  l a y e r  d e n s i t y ,  w here  th e  
im p la n te d  l a y e r  d e n s i t y  w as a g a in  e s t im a t e d  from  th e  
t h e o r e t i c a l  peak  o x y g e n / s i l i c o n  c o n c e n t r a t io n ,  and th e  a to m ic  
d e n s i t i e s  o f  s i l i c o n  and s i l i c o n  d io x id e
A f u l l  m a th e m a t ic a l se q u e n ce  o f  th e  c a l c u l a t i o n s  i s  
p r e s e n te d  i n  a p p e n d ix  I ,  and a l s o  in c lu d e d  i s  th e  f lo w  c h a r t  
and  th e  com pute r program m e u se d  t o  p e rfo rm  th e s e  c a l c u l a t i o n s  
I n  f i g u r e  I I . 2 th e  o x y g e n / s i l i c o n  r a t i o  a s  a f u n c t io n  o f  
d o se  i s  p r e s e n te d  f o r  c a l c u l a t i o n s  u s in g  th e  b a s i c  t h e o r y  
and  th e  c a l c u l a t i o n s  b a se d  on o u r  s p u t t e r i n g  t h e o r y .
The o x y g e n / s i l i c o n  r a t i o  c a l c u la t e d ,  a l l o w in g  f o r  th e  
c o r r e c t i o n s  o u t l i n e d  a b o ve , i s  u se d  i n  th e  r e s u l t s  s e c t i o n  
f o r  c o m p a r iso n  w it h  e x p e r im e n ta l  r e s u l t s .  The above  com pute r 
program m e w as a l s o  u se d  t o  e s t im a t e  th e  o x y g e n / s i l i c o n  r a t i o  
a t  th e  s u r f a c e .  A g ra p h  was p lo t t e d  o f  th e  o x y g e n / s i l i c o n  
r a t i o  a t  th e  s u r f a c e  a g a in s t  d o se ,  f o r  th e  f o u r  e n e r g ie s .
I n  t a b le  I I . 3 b e lo w  we l i s t  th e  d o se  a t  w h ich  th e  s u r f a c e  i s  
o x id i z e d ,  f o r  th e  f o u r  e n e r g ie s .
Im p la n t  E n e rg y  
(keV)
D ose  f o r  0 / S i= 2  
(a t  th e  s u r f a c e )  
( io n s  cm” )
40 1 . 0 2  x  1 0 1 8
60 1 .4 9  x  1 0 1 8
80 2 . 1  x  1 0 1 8
1 2 0 3 .3  x  1 0
T a b le  I I . 3. D o se  r e q u i r e d  to  fo rm  S i 0 2 
a t  s u r f a c e .
7
/
I I .2 R u t h e r f o r d  B a c k s c a t t e r in g  a s  an A n a l y t i c a l  T o o l
I I . 2 . 1 .  I n t r o d u c t i o n
The R u t h e r f o r d  b a c k s c a t t e r in g  (RBS) a n a l y s i s  te c h n iq u e  h a s  
been  t h o r o u g h ly  e x p la in e d  b y  many a u t h o r s ^ ^ ® ^ ^  and  
r e c e n t l y  an e x c e l l e n t  bo ok  by  Chu e t  a l , h a s  been 
p u b l i s h e d .  T h is  t e c h n iq u e  h a s  been u se d  i n  b o th  th e  random  
and c h a n n e le d  m odes, to  d e te rm in e :
( i )  The im p la n te d  o x yg e n  p r o f i l e .
( i i )  The c o n c e n t r a t io n  o f  o x yg e n  i n  th e  im p la n te d
l a y e r .
( i i i )  The t h i c k n e s s  o f  th e  o x id e  fo rm ed.
( i v )  The t o t a l  damage i n  th e  l a y e r .
(v ) The damage a t  th e  s u b s t r a t e  -  im p la n te d  l a y e r  
i n t e r f a c e .
( v i )  The p re se n c e  o f  u n d e s i r a b le  im p u r i t i e s .
A l l  th e  in f o r m a t io n  was o b t a in e d  w it h o u t  c a u s in g  any  
s i g n i f i c a n t  damage to  th e  sa m p le .
I n  th e  c a se  o f  th e  random  mode a n a l y s i s ,  th e  c r y s t a l  
i s  o r ie n t a t e d  su c h  t h a t  th e  i n c id e n t  beam i s  n o t  a l i g n e d ,  
w it h  any  m a jo r c r y s t a l  a x i s  o r  p la n e .  I n  th e  random  mode 
th e  i n c id e n t  p a r t i c l e s  do n o t  u n d e rg o  any  c o r r e la t e d  
c o l l i s i o n s  w it h  th e  l a t t i c e  a tom s, so  th e  l a t t i c e  a p p e a r s  a s  
a "ra n d o m " d i s t r i b u t i o n  o f  a tom s.
I n  f i g u r e  I I . 4 i s  show n a s c h e m a t ic  d ra w in g  o f  h e l iu m  
io n s  b a c k s c a t t e r in g  from  s i l i c o n  d io x id e  on s i l i c o n .  The 
p a r t i c l e s  w it h  th e  h i g h e s t  e n e rg y  a t  th e  l e a d in g  edge  o f  
th e  sp e c t ru m , c o r r e s p o n d  to  s c a t t e r i n g  from  th e  s u r f a c e  
o f  th e  c r y s t a l .  The h e l iu m  io n s  lo s e
-  26 -
1.5 MeV
(S i )
(0)
t / 2  
Mfc—----
■>
E . and E s i  o
To D etec to r
x = t x = o
F igure I I - 4  Schematic Drawing fo r  B acksc a tte rin g  o f  1 .5  MeV 
He+ Io n s , from S ilic o n  Oxide on S il ic o n .
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e n e rg y  i n  the  e l e c t r o n i c  s t o p p in g  p r o c e s s e s ,  a s  th e y  
p e n e t r a t e  th e  c r y s t a l .  Hence th e  c o n t in u u m  a t  th e  lo w e r  
e n e r g ie s  c o r r e s p o n d s  t o  s c a t t e r i n g  from  p r o g r e s s i v e l y  
l a r g e r  d e p th s .  The e x p la n a t io n  f o r  th e  o x yg e n  y i e l d  s u p e r ­
im p o sed  on th e  s i l i c o n  y i e l d  w i l l  be g iv e n  l a t e r .
I I . 2 .2 .  E n e rg y  S c a le  t o  M a ss  S c a le  C o n v e r s io n
4 +A m o n o e n e rg e t ic  beam o f  h e l iu m  ( He ) i o n s ,  m ass M ^ , 
a to m ic  num ber Z^, and e n e rg y  E ^ , e n t e r s  i n  a d i r e c t i o n  n o rm a l 
to  th e  t a r g e t  s u r f a c e  o f  m ass M2 , a to m ic  num ber Z2 . The 
e n e rg y  o f  th e  p a r t i c l e s  s c a t t e r e d  from  th e  s u r f a c e ,  i s  
kmE^, w here km i s  d e f in e d  a s  th e  k in e m a t ic  r e c o i l  f a c t o r .
I t  i s  d e f in e d  a s :
{ Ml Cose + (Ma2 -  m / .  S i n 2 6) ^   I I .  4Jem *M, + M2
w here 6 d e n o te s  th e  b a c J e s c a t t e r in g  a n g le  (150° ) i n  th e  
l a b o r a t o r y  s y s te m  o f  c o - o r d in a t e s .
F o r  e x a m p le , th e  e n e r g y  o f  th e  p a r t i c l e s  b a c k s c a t t e r e d  
from  the  s i l i c o n  a tom s, a t  th e  s u r f a c e ,  i s  g iv e n  b y :
( f i g u r e  I I .4 ) .
E s i  = k-m ( s i )  E l  ........ I I . 5
w here K m (S i)  i s  c a l c u la t e d  from  e q u a t io n  I I . 4, by  s u b ­
s t i t u t i n g  th e  a p p r o p r ia t e  m ass and a to m ic  num ber f o r  
s i l i c o n .
S i m i l a r l y ,  th e  e n e rg y  o f  th e  p a r t i c l e s  b a c J c sc a tte re d  
from  any  e le m e n t p r e s e n t  i n  th e  sa m p le , can  be c a l c u la t e d ,  
t h e r e f o r e  i d e n t i f y i n g  th e  e le m e n t. The e n e rg y  o f  th e
-  29 -
h e liu m  io n s  b a c k s c a t t e r e d  from  th e  o x yge n  atom s a t  th e  
s u r f a c e ,  i s  much lo w e r  th a n  s i l i c o n ,  due to  i t s  lo w e r  
m ass and a to m ic  num ber.
I I . 2 .3 .  E n e rg y  S c a le  to  D ep th  S c a le  C o n v e r s io n
I n  s e c t i o n  I I . 2 .2  ab ove , we c a l c u la t e d  th e  e n e rg y  o f  
th e  p a r t i c l e s  b a c k s c a t t e r e d  from  th e  s u r f a c e  o f  th e  t a r g e t .
The m a j o r i t y  o f  th e  h e l iu m  p a r t i c l e s ,  e ven  i n  th e  random  mode, 
p e n e t r a t e s  th e  t a r g e t  b e fo re  any  e l a s t i c  c o l l i s i o n s ,  t h e r e f o r e  
b a c k s c a t t e r in g  e v e n t s  o c c u r .  The e n e rg y  o f  th e  p a r t i c l e s  
j u s t  b e fo re  c o l l i s i o n ,  a f t e r  p e n e t r a t in g  th e  s u r f a c e  l a y e r  
to  a d e p th , t ,  i s  g iv e n  b y :
E 2 = E - dE dx  dx I I . 6
w here  d E /d x  i s  th e  e n e rg y  l o s s  p e r  u n i t  le n g t h .  The 
e n e rg y ,  E ^ , im m e d ia te ly  a f t e r  c o l l i s i o n ,  a t  d e p th  t ,  i s  
g iv e n  by:
E. km E. I I .  7
The e n e rg y ,  E , o f  th e  o u t g o in g  p a r t i c l e s ,  m easu red  
w it h  a s o l i d  s t a t e  s u r f a c e  b a r r i e r  d e t e c t o r ,  a t  an a n g le  o f  
0  (= 180 -  0 ) ,  i s  g iv e n  by:
E 4 = E 3 -
dE
dx
dx
C o s0 I I . 8
T h e re fo re  s u b s t i t u t i n g  e q u a t io n s  I I . 6 and I I . 7 i n t o  
e q u a t io n  I I . 8 , we may w r i t e :
-  30 -
E . = kmE. 4 1 km
dE
dx
dx t dE. dx
d x  C o s0
4 +I n  th e  c a se  o f  th e  h e l iu m  ( He ) p a r t i c l e s  i n c i d e n t  on an 
o x id e  f i lm ,  th e  v a l u e o f  d E/d x  m easu red  (se e  s e c t io n  V . 1 . 1 . )  
and  c a lc u la t e d  i s  l e s s  th a n  50 eV / 8  (see  a p p e n d ix  2 ) .  The 
e n e r g y  l o s s  o f  the  p a r t i c l e s  p e n e t r a t in g  th e  o x id e  f i lm s  i s  
t y p i c a l l y  50 ke V . A s  d E/d x  i s  a v e r y  weak f u n c t io n  o f
p a r t i c l e  e n e rg y ,  th e  mean v a lu e  o f  dE/d x  may be u se d  f o r  
b o th  th e  in c o m in g  and  th e  o u t g o in g  p a th s .  T h e re fo re  e q u a t io n
I I . 9 may be  r e w r i t t e n :
E^ = kmE^ -  t  (S) I I . 10
w here  (S ) i s  d e f in e d  a s  th e  b a c k s c a t t e r in g  e n e rg y  l o s s  
f a c t o r ,  and i s  d e f in e d  a s :
(S) = km. dEdx m
+  1
C o s0
dE
dx o u t
we may f u r t h e r  w r i t e :
I I  .11
I I . 12
T h e re fo re  i t  can  be se e n  t h a t  t h e re  i s  a d i r e c t  
r e l a t i o n s h i p  betw een th e  t o t a l  t h i c k n e s s  (t )  o f  th e  l a y e r  
and th e  t o t a l  e n e rg y  w id t h  (AE) o f  th e  sp e c t ru m , f o r  t h a t  
l a y e r .  C o n se q u e n t ly  th e  e n e rg y  s c a le  i n  th e  s c h e m a t ic  
i n  f i g u r e  I I . 4 may be  c o n v e r t e d  to  a d e p th  s c a le .  I t  i s  
im p o r t a n t  t o  n o te  t h a t ,  th e  (S) p a ra m e te r  f o r  p a r t i c l e s  
s c a t t e r e d  from  th e  s i l i c o n  atom s i n  o x id e  i s  n o t  e q u a l to  
th e  (S) p a ra m e te r  f o r  p a r t i c l e s  s c a t t e r e d  from  th e  o x yg e n  
atom s i n  th e  o x id e .  The r a t i o  o f  A E s i/ A E o  y i e l d s  th e  
c o r r e c t io n  f a c t o r  f o r  th e  d i f f e r e n c e  i n  th e  d e p th  s c a le  and
I I  .9
-  3 1  -
a c c o r d in g l y  th e  c o m p o s it io n  may be c a l c u la t e d  a t  any  g iv e n  
d e p t h .
N o rm a lly  th e  m a gn itu d e  o f  th e  (S) f a c t o r  c a n n o t  be 
m easu red  e x p e r im e n t a l ly ,  and  t h e o r e t i c a l  c a l c u l a t i o n s  have  to  
be p e rfo rm e d . To e s t im a t e  the  m a gn itu d e  o f  th e  f a c t o r  ( S ) , 
th e  e n e rg y  l o s s  p e r  u n i t  l e n g t h  (dE/dx) m ust be known.
The e n e rg y  l o s s  p e r  u n i t  can be o b ta in e d  by u s in g  th e  
e q u a t io n  g iv e n  by  Chu e t  a:l , ’ :
= (1) dE
(N) dx    1 1 .1 3
w here  N i s  th e  a to m ic  d e n s i t y  o f  th e  t a r g e t  m a t e r ia l ,  and 
E i s  d e f in e d  a s  th e  s t o p p in g  c r o s s  s e c t io n  p e r  atom.
E m p i r i c a l  t a b le s  o f  b a c k s c a t t e r in g  p a ra m e te r s  and  e n e rg y  
l o s s ,  b o th  f o r  h e l iu m  and p r o t o n s  i n  th e  MeV r e g io n ,  have
(71)
been c o m p ile d  by  Z i e g l e r  and Chu, (1973) .
When c o n s id e r in g  th e  compound t a r g e t  ( e .g .  S i 0 2 ) ,  th e
a p p l i c a t i o n  o f  th e  a d d i t i v i t y  law  o f  th e  s t o p p in g  c r o s s
(12)s e c t i o n s  ( B r a g g 's  r u le )  m ust be a p p l ie d  i n  th e
m o le c u la r  o r  a to m ic  s c a le  r a t h e r  th a n  th e  e n e rg y  l o s s  
p e r  p h y s i c a l  t h i c k n e s s  s c a le  ( i . e .  dE/dx) e . g . :
E . = 1. E„.  + 2E   1 1 .1 4S i 0 2 S i  o
and  th e n  from  th e  kn o w le d ge  o f  th e  a to m ic  d e n s i t y  o f  the  
com pound, th e  e n e rg y  l o s s  p e r  u n i t  le n g t h  may be c a l c u la t e d .  
I t  i s  t h i s  e n e rg y  l o s s  p e r  u n i t  l e n g t h  t h a t  m u st  be s u b ­
s t i t u t e d  i n t o  e q u a t io n  1 1 . 1 1 , f o r  the  a n a l y s i s  o f  th e  
o x y g e n  im p la n te d  s i l i c o n  l a y e r s .
-  32 -
I n  the  c a se  o f  th e  e x p e r im e n ta l  c o n d i t io n s  d e s c r ib e d  
i n  s e c t i o n  I I I . 5 . 1 . ,  i n  w h ic h  a u n ifo rm  beam im p in g e s  a t  
a n o rm a l in c id e n c e  on a u n ifo rm  t a r g e t ,  and a s y s te m  w here 
th e  t a r g e t  i s  much l a r g e r  th a n  the  beam a re a ,  th e  
t o t a l  num ber o f  d e te c te d  p a r t i c l e s ,  N, can  be w r i t t e n  a s : ^ 7 8 ^
N = ctr. Na . 0 . n ........ 1 1 .1 5
w here NA , i s  th e  num ber o f  t a r g e t  atom s p e r  u n i t  a re a ,
0 , i s  th e  t o t a l  num ber o f  i n c id e n t  (He+) p a r t i c l e s .
0, i s  th e  s o l i d  a n g le  o f  th e  d e t e c t o r  (STDR)
and ctr, i s  the  R u t h e r f o r d  b a c k s c a t t e r in g  c r o s s  s e c t io n ,
(12)w h ic h  i s  d e f in e d  a s :  '
2
(Z X . Z2 . e 2 ) 2 4 {C o s0 +  S in e j  ) ^ } 2
a —* '■'1 ■ - ■  • 1 * - ■ —  ■■ ■■ * ■ ■ —...............  . —.  ' ^  "i
( 4 . E 1 ) S i n 40 ( 1 -  |Ml. S in g |  ) h
w here  e i s  th e  e l e c t r o n i c  c h a rg e ,  and th e  o t h e r  q u a n t i t i t e s  
a re  a s  d e f in e d  i n  s e c t i o n  I I . 2 .2 .
The R u t h e r f o r d  s c a t t e r i n g  c r o s s - s e c t i o n  r e p r e s e n t s  th e  
s c a t t e r i n g  p r o b a b i l i t y  a t  a c e r t a i n  a n g le  0, o f  th e  He 
p a r t i c l e s ,  by  th e  e l e c t r o s t a t i c  r e p u l s i o n )  w here  th e  
d i s t a n c e  o f  c l o s e s t  a p p ro a c h  i s  l a r g e  com pared w it h  th e  
n u c le a r  d im e n s io n s ,  b u t  s m a l l  com pared w it h  th e  B o h r  r a d iu s ,  
0 . 5 3 8 (2 6 ' 73) .
T h e re fo re  f o r  a p a r t i c u l a r  h e l iu m  beam a t  an i n c id e n t  
e n e rg y ,  ( E j ) , th e  num ber (N) o f  th e  h e l iu m  p a r t i c l e s  b a c k -  
s c a t t e r e d  i n t o  th e  d e t e c t o r ,  i s  a f u n c t io n  o f  b o th  th e
1 1 . 2 . 4 . B a c k s c a t t e r e d  P a r t i c l e  Y i e l d
I I  .16
3 3  -
a to m ic  num ber, (Z 2 ) r an(3 m ass, (M2 ) , o f  th e  t a r g e t
m a t e r ia l  p r o v i d i n g  a l l  o t h e r  e x p e r im e n ta l  p a ra m e te r s  a re  
c o n s t a n t .  S u b s t i t u t i n g  th e  a p p r o p r ia t e  v a lu e s  i n t o  
e q u a t io n  1 1 .1 6 ,  y i e l d s  th e  r a t i o  o f  th e  R u t h e r f o r d  c r o s s  
s e c t i o n  o f  s i l i c o n  t o  o x y g e n .
= 3 .3 1  ........ 1 1 .1 7o o
w here a S i  and ao a re  th e  r e s p e c t i v e  s i l i c o n  and o x yg e n  
R u t h e r f o r d  c r o s s  s e c t i o n s .
The r e s u l t  o f  e q u a t io n  1 1 .1 7  im p l ie s  t h a t ,  th e  
b a c k s c a t t e r e d  y i e l d  from  th e  s i l i c o n  l a y e r  w o u ld  be a 
f a c t o r  o f  3 .3 1  t im e s  g r e a t e r  th a n  th e  y i e l d  from  th e  
o x y g e n  l a y e r ,  f o r  i d e n t i c a l  c o n d i t i o n s  o f  e n e rg y ,  a to m ic  
d e n s i t y ,  h e l iu m  d o se  and  a n g le  0 . C o n se q u e n t ly  t h i s  
c o r r e c t io n  f a c t o r  m u st be in c o r p o r a t e d  i n t o  a l l  l a y e r  
c o m p o s it io n  c a l c u l a t i o n s .
-  34 -
1 1 1 .1 .  I n t r o d u c t i o n
O xygen  im p la n t s  i n t o  s i n g l e  c r y s t a l  s i l i c o n  w ere 
c a r r i e d  o u t  on b o th  th e  " L i n t o t t "  and th e  500 keV  io n  
im p la n t a t io n  m ach ine  i n  th e  d e p a rtm e n t  o f  E l e c t r o n i c  
and E l e c t r i c a l  E n g in e e r in g  a t  th e  U n i v e r s i t y  o f  S u r r e y .
The lo w e r  e n e rg y  (40 and  60 keV) im p la n t s  w ere p e rfo rm e d  
on th e  fo rm e r m ach ine  and th e  h ig h e r  e n e rg y  (80 and 120 keV) 
im p la n t s  on th e  l a t t e r  m a ch in e .
1 1 1 . 2. Sp ec im en  P r e p a r a t io n
S in g l e  c r y s t a l  s i l i c o n  s l i c e s ,  m i r r o r  p o l i s h e d  on one 
fa c e ,  B o ro n  doped , w ere  s u p p l ie d  by P h i l i p s  R e se a rc h  
L a b o r a t o r ie s  ( R e d h i l l ,  S u r r e y ) .  The s l i c e s  w ere two in c h  
i n  d ia m e te r ,  o f  2 - 6  f2~cm r e s i s t i v i t y  and c u t  i n  th e  < 1 0 0 > 
d i r e c t i o n .  The w a fe r s  w ere d ic e d  i n t o  15mm by  5mm r e c t a n g u la r  
geo m etry  f o r  th e  lo w e r  e n e rg y  im p la n t s . M o s t  o f  th e  sa m p le s  
w ere c u t  i n t o  a s e m i - c i r c u l a r  sh ap e  o f  two in c h e s  d ia m e te r ,  
a l t h o u g h  a few w ere i n i t i a l l y  c u t  i n t o  1 0 mm s q u a r e s ,  f o r  th e  
h ig h e r  e n e rg y  im p la n t s ,  w it h  a d iam ond im p re g n a te d  w ir e  saw. 
The sp e c im e n s  w ere s u b je c t e d  to  th e  f o l l o w in g  c le a n in g  
p ro c e d u re :  a r i n s e  i n  h o t  t o lu e n e  fo l lo w e d  by  an u l t r a s o n i c
c le a n  i n  h o t  HN03 , im m e rs in g  th e  sa m p le s  i n  c o n c e n t r a t e d  HF 
f o l lo w e d  by  a b o i l  i n  I-IN03 , th e n  a ten  m in u te  b o i l  i n  fu m in g  
HN03 was f o l lo w e d  by  a w ash  i n  d e io n iz e d  w a te r  and f i n a l l y  a 
b o i l  i n  m e th a n o l.  A f t e r  e ach  a c id  e t c h in g  t re a tm e n t  th e  
e t c h in g  was s to p p e d  by  a r i n s e  i n  d i s t i l l e d  w a te r .
CHAPTER I I I
I I I .  E x p e r im e n t a l  T e c h n iq u e
-  35 -
The lo w e r  e n e rg y  im p la n t s  were p e rfo rm e d  on th e  
" L i n t o t t "  i o n  im p la n t a t io n  m ach in e . I n  t h i s  c a se  th e  t o t a l  
a re a  o f  th e  sam p le  w as e x p o se d  to  th e  d e fo c u s s e d  
o x yg e n  (0 + ) io n  beam .' O n ly  a s m a l l  f r a c t i o n  o f  th e  d e fo c u s s e d  
beam was s e le c t e d  f o r  im p la n t in g ,  w h ich  s h o u ld  make th e  
bom bardm ent o f  th e  sam p le  u n ifo rm .
The h ig h e r  e n e rg y  (80 and 120 keV) im p la n t s  w ere 
p e rfo rm e d  on th e  500 ke V  m ach in e . I n i t i a l l y  some sa m p le s  
(120  keV  low  d o se s )  w ere bom barded w it h  th e  beam o v e r  a l l  
th e  a re a ,  ( 1 0 mm s q u a r e ) ,  b u t  m o st o f  th e  im p la n t s  a t  t h e se  
e n e r g ie s  w ere p e rfo rm e d  o n ly  on a s e le c t e d  a re a  o f  th e  
sam p le , (15mm by  10mm o r  25mm b y  10mm). A beam o f  a p p r o x im a t e ly  
8mm d ia m e te r  was e l e c t r o s t a t i c a l l y  sc a n n e d  o v e r  and beyond  
th e  sam p le  f o r  a l l  th e se  im p la n t s ,  t h e r e f o r e  p r o d u c in g  v e r y  
u n ifo rm  l a y e r s .  S i n g l y  c h a rg e d  ox yge n  m o le c u le s  (0 2+ ) w ere 
im p la n te d  i n  m ost c a s e s  to  g i v e  h ig h e r  beam c u r r e n t  d e n s i t y .
T h i s  w as e q u iv a le n t  t o  im p la n t in g  o x yg e n  i o n s  (0 + ) a t  h a l f  
the  e n e rg y ,  (5 8 ,7 4 )^  ^  th e  m ach ine  e n e rg y  was s e t  a t  
160 keV  and 240 k e V  f o r  0 2 + .
D u r in g  im p la n t a t io n  th e  sa m p le s  w ere i n c l i n e d  a t  an 
a n g le  o f  7 d e g re e s  to  th e  m a jo r  <100>  c r y s t a l  a x i s ,  t o  
a v o id  any  p o s s i b i l i t y  o f  c h a n n e l in g  e f f e c t s .  The sa m p le s  
w ere h e ld  i n  p o s i t i o n  by  a wedge and s l i d e r  m echan ism .
The te m p e ra tu re  o f  th e  s a m p le s ,  d u r in g  im p la n t a t io n ,  was 
m o n ito re d  w it h  a ch rom e 1 - a lu m e l  th e rm o c o u p le ,  p la c e d  i n  
in t im a t e  c o n t a c t  w it h  th e  s i l i c o n  s a m p le s .  U s in g  t h i s
I I I . 3 .  I m p l a n t a t i o n  M ethod
-  3 6  -
e x p e r im e n ta l  s e t  up, th e  maximum te m p e ra tu re  r e c o rd e d  
w as 170°C  f o r  the  c o r r e s p o n d in g  maximum c u r r e n t  d e n s i t y  o f  
27|xA cm
In  a l l  c a s e s  th e  im p la n te d  im p u r i t y  d o se  was m o n ito re d  
by means o f  a c u r r e n t  “i n t e g r a t o r  and an e l e c t r o n i c  p u l s e  
c o u n te r .  S e c o n d a ry  e l e c t r o n s  w ere s u p p r e s s e d  w it h  a 300 v o l t  
n e g a t i v e l y  b ia s e d  s t a i n l e s s  s t e e l  g r i d .  A  s t a i n l e s s  
s t e e l  a p e r t u re  w as u se d  t o  d e f in e  a c c u r a t e ly  th e  r e g io n  
t o  be  im p la n te d .  I n  t a b le  I I I . l ,  b e lo w  i s  g iv e n  
a summary o f  th e  im p la n t s  p e rfo rm e d  and o t h e r  r e le v a n t  
d e t a i l s .
I I I .4 . A n n e a l in g  P ro c e d u re
I n  t h i s  p r o j e c t  t h re e  d i f f e r e n t  a n n e a l in g  p ro c e d u re s
w ere  p e rfo rm e d , n am e ly  d r y  n i t r o g e n ,  d r y  o x yg e n  and
n i t r o g e n  p lu s  h y d ro g e n  a m b ie n t s . The n i t r o g e n  and
n i t r o g e n  p l u s  h y d ro g e n  a n n e a l in g  was p e rfo rm e d  i n  a
r a d io  f re q u e n c y  f u r n a c e .  The sa m p le s  w ere p la c e d  on a
g r a p h i t e  b lo c k ,  and t h e i r  te m p e ra tu re  was m o n ito re d  w it h  a
c h ro m e l-a lu m e l th e rm o c o u p le  p la c e d  3mm b e lo w  th e  sam p le
i n s i d e  th e  g r a p h i t e  d i s c .  R a d io  f re q u e n c y  (2 MH ) c u r r e n t s
w ere p a s s e d  th ro u g h  a c o i l  w h ic h  su r ro u n d e d  th e  g r a p h it e
3 - Ib lo c k .  O xygen  f r e e  n i t r o g e n  a t  f lo w  r a t e  o f  40 cm se c
was p a s se d  th ro u g h  th e  sy s te m . The a n n e a l te m p e ra tu re
ra n g e  was 500°C  to  1000°C  f o r  a p e r io d  o f  30 m in u te s .  The
n i t r o g e n  p lu s  h y d ro g e n  a n n e a l was 450°C  f o r  30 m in u te s  a t
3 - 1a f lo w  r a t e  o f  40 cm se c  u s in g  th e  same s e t  up a s  ab ove .
A n n e a l in g  i n  a d r y  o x y g e n  am b ien t was c a r r i e d  o u t  by 
p l a c i n g  th e  sa m p le s  on  a q u a r t z  b o a t  w h ic h  was th e n  p la c e d
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i n s i d e  th e  fu rn a c e  tu b e  w it h  th e  o x y g e n  f lo w  r a t e  r e g u la t e d  
3 - Ia t  40 cm s e c  . The te m p e ra tu re  was m o n ito re d  w it h  two 
ch rom e 1 - a lu m e l  th e rm o c o u p le s  p la c e d  a t  th e  e n d s o f  
th e  q u a r t z  b o a t .  T h i s  e n s u re d  a c c u ra t e  m o n i t o r in g  and 
c o n t r o l  o f  th e  te m p e ra tu re ,  and  a l s o  d e te c te d  any  te m p e ra tu re  
g r a d ie n t  a lo n g  th e  sam p le  s u r f a c e .  The a n n e a l te m p e ra tu re  
ra n g e  was 600°C  to  1140°C  f o r  a d u r a t io n  o f  30 m in u te s  
i n  e ach  c a se .
-  39 -
1 1 1 . 5 . 1 .  I n t r o d u c t i o n
A s  e x p la in e d  i n  s e c t i o n  I I . 2 th e  RBS t e c h n iq u e  may be
(73)u se d  i n  b o th  th e  random  and  c h a n n e l in g  modes to
i n v e s t i g a t e  o x yg e n  im p la n te d  s i l i c o n  l a y e r s  on s i l i c o n  
s u b s t r a t e s .  T h i s  t e c h n iq u e  le n d s  i t s e l f  t o  th e  a n a l y s i s  o f  
l a y e r s  o f  300 to  350 oX t h i c k  and  f o r  th e  t h in n e r  l a y e r s  i t  i s  
p o s s i b l e  t o  o b t a in  in f o r m a t io n  from  th e  u n d e r l y in g  
s u b s t r a t e ( 6 5 ' 6 7 ' 6 8 ' 6 9 >.
1 1 1 . 5 .2 .  Ex p e r im e n t a l  D e t a i l s
The RBS a p p a r a t u s  c o n s i s t s  o f  th e  f o l l o w in g :
( i )  The p a r t i c l e  s o u rc e  w h ic h  i s  a Van de G r a a f f  
a c c e l e r a t o r .
( i i )  The beam l i n e  w h ic h  i s  u n d e r vacuum  and c o n t a in s  
th e  c o l l im a t i o n  sy s te m .
( i i i )  A g o n io m e te r  and i t s  a s s o c ia t e d  e q u ip m en t f o r  
a l i g n i n g  th e  sam p le  w it h  r e s p e c t  t o  th e  beam.
( i v )  The b a c k s c a t t e r e d  p a r t i c l e  d e t e c t o r  and  d a ta  
p r o c e s s i n g  e q u ip m e n t.
A beam o f  h e l iu m  p a r t i c l e s  a t  an e n e rg y  o f  1 .5  MeV, 
was u se d  f o r  th e  a n a l y s i s ;  th e  s t a b i l i t y  o f  th e  beam was 
b e t t e r  th a n  ± 1 .5  keV .
I n  th e  c a se  o f  th e  c h a n n e l in g  mode a n a l y s i s  th e  beam 
d iv e r g e n c e  need s to  be l e s s  th a n  0 . 0 2  d e g re e s  a t  th e  
sa m p le . The beam s p o t  s i z e  i s  1mm i n  d ia m e te r  and i s  o f  
u n if o r m  d e n s i t y ;  th e  vacuum  p r e s s u r e  w as b e t t e r  th a n
I I I . 5 .  R u t h e r f o r d  B a c k s c a t t e r e d  E x p e r im e n t a l  D e t a i l s
To a c h ie v e  c h a n n e l in g  i n  any o f  th e  m a jo r  c r y s t a l
(75)a x e s ,  we need  a g o n io m e te r  w h ic h  h a s  t h re e  a x e s  o f  
r o t a t i o n ,  w it h  a m inimum u n i t  s t e p  o f  0 . 0 1  d e g re e s  i n  any  one 
d i r e c t i o n .  Movem ent o f  th e  sp e c im e n , w i t h in  th e  g o n io m e te r  
cham ber, w as m o n ito re d  on  t h re e  la r g e  c a l i b r a t e d  d i a l s ,  on
/ n r  n r \
w h ic h  a l l  th e  m ovem ents a re  r e v e r s i b l e  '  .
To o b t a in  a c h a n n e l in g  d i r e c t i o n  the  sam p le  was 
r o t a t e d  a b o u t  one o f  i t s  a x e s  and  th e  b a c k s c a t t e r e d  y i e l d  
m o n ito re d .  Once th e  m inimum y i e l d  p o s i t i o n  was fo u n d  
a p p r o x im a t e ly  f o r  t h a t  p a r t i c u l a r  a x i s ,  th e n  t h a t  s e t t i n g  
was f i x e d .  The sam p le  was th e n  r o t a t e d  a b o u t  th e  o t h e r  
a x i s  and  a g a in  th e  m inimum y i e l d  p o s i t i o n  w as o b t a in e d .
T h i s  p ro c e d u re  was re p e a te d  w it h  a l l  th re e  a x e s ,  u n t i l  an 
a b s o lu t e  m inimum i n  th e  y i e l d  was o b ta in e d .  I t  m u st be 
n o te d  t h a t ,  a l t h o u g h  we have  th e  f a c i l i t y  f o r  th re e  a xe s  
o f  r o t a t i o n ,  i t  w as fo u n d  t h a t  two a x e s  o f  r o t a t i o n ,  
nam e ly  i n  th e  d i r e c t i o n  n o rm a l t o  th e  beam and i n  th e  
d i r e c t i o n  o f  th e  p la n e  o f  th e  beam, w ere s u f f i c i e n t  t o  g iv e  
a c h a n n e l in g  d i r e c t i o n .  The t h i r d  a x i s  o f  r o t a t i o n ,  
a p p a r e n t ly  h ad  no s i g n i f i c a n t  e f f e c t  on th e  b a c k s c a t t e r e d  
y i e l d .
The sp e c im e n  w as m ounted on an a lu m in iu m  b a c k in g  p la t e ,  
and  was h e ld  i n  p o s i t i o n  by  a p h o sp h o r  b ro n z e  s p r i n g .  The 
p la t e  was f i t t e d  i n t o  a th re a d e d  PTFE sam p le  h o ld e r .  From  
th e  a lu m in iu m  b a c k in g  p la t e  a le a d  was ta k e n  to  an e a r t h  
p o t e n t i a l  v i a  a h i g h  s e n s i t i v i t y  c u r r e n t  i n t e g r a t o r .  The 
c u r r e n t  i n t e g r a t o r  m o n ito re d  th e  beam c u r r e n t  and  s u p p l ie d
-  40 -
— 6
1 0  t o r r  i n  th e  beam l i n e .
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p u l s e s  to  an e l e c t r o n i c  c o u n te r  f o r  th e  t o t a l  h e l iu m  d o se  
me a s  u r  erne n t .
A t t a c h e d  to  th e  f r o n t  fa c e  o f  th e  sp e c im e n  h o ld e r ,  b u t
i n s u l a t e d  from  i t ,  w as an a n n u lu s  o f  a lu m in iu m , to  w h ic h  a
p o t e n t i a l  o f  -3 0 0  v o l t s  w as a p p l ie d ,  w it h  r e s p e c t  t o  e a r t h .
T h i s  n e g a t iv e  b i a s  s u p p r e s s e s  th e  se c o n d a ry  e l e c t r o n s
e m it te d  from  th e  sp e c im e n  b u t  a l lo w s  th e  i n c id e n t  and th e
b a c k s c a t t e r e d  p a r t i c l e s  t h ro u g h  u n h in d e re d .  D u r in g  a n a ly s e s
the  t a r g e t  cham ber and th e  beam l i n e  w ere pumped down to
— 6
p r e s s u r e s  b e t t e r  th a n  1 0  t o r r ,  u s in g  o i l  d i f f u s i o n  pumps and  
l i q u i d  n i t r o g e n  t r a p s ,  b a cke d  b y  r o t a r y  pum ps.
The p a r t i c l e s  s c a t t e r e d ,  a t  a w ide  a n g le ,  from  th e  s u r f a c e  
and up to  a d e p th  o f  l|±m, o f  th e  c r y s t a l  sp e c im e n  w ere d e te c te d  
u s in g  a s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r ,  w it h  an e n e rg y  
r e s o l u t i o n  o f  15 keV  (FW HM), s e t  a t  an a n g le  o f  30° to  th e  
beam l i n e  e n t r y  a x i s .  The p a r t i c l e s  e n t e r in g  the  d e t e c t o r ,  
w h ic h  was r e v e r s e  b ia s e d  to  1 0 0  v o l t s ,  p ro d u c e d  p u l s e s  w h ic h  
w ere  e l e c t r o n i c a l l y  p r o c e s s e d  and  fe d  i n t o  th e  two s y s te m s  
a s  show n i n  f i g u r e  I I I . l .  I n  th e  f i r s t  c a se  th e  s i g n a l  
was fe d  i n t o  th e  v a r i a b l e  g a in  a m p l i f i e r .  A  r e f e r e n c e  
s i g n a l  from  th e  beam c u r r e n t  i n t e g r a t o r  w as a l s o  fe d  i n t o  
th e  a m p l i f i e r  t o  com p ensa te  f o r  i n s t a b i l i t i e s  i n  th e  beam 
i n t e n s i t y .  The o u tp u t  o f  t h i s  a m p l i f i e r  w as fe d  i n t o  th e  
c h a r t  r e c o r d e r  f o r  th e  m inimum y i e l d  d e t e c t io n ,  t h e r e f o r e  
th e  c h a n n e l in g  d i r e c t i o n .  When a c h a n n e l in g  d i r e c t i o n  
was a p p ro a c h e d , a s  th e  sam p le  w as r o t a t e d ,  an a t t e n u a t io n  
i n  th e  b a c k s c a t t e r e d  y i e l d  w as o b se r v e d ,  and  th e  m inimum 
y i e l d  c o r re sp o n d e d  to  th e  c h a n n e l in g  d i r e c t i o n .  S e c o n d ly ,
Figure  I I I  -  1. Block diagram o f the R utherford  b a c k s c a tte rin g
Nucleonics
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when th e  d e s i r e d  d i r e c t i o n  f o r  a n a l y s i s  w as a c c u r a t e ly  
lo c a t e d ,  th e  p u l s e s  f o r  th e  w h o le  sp e c tru m  w ere  fe d  i n t o  
th e  m u l t i - c h a n n e l  a n a l y s e r  on  w h ic h  th e  e n e rg y  sp e c tru m  
was r e c o rd e d .  T h i s  s t o r e d  d a ta  from  th e  m u l t i - c h a n n e l  
a n a l y s e r  w as th e n  docum ented  b o th  i n  th e  d i g i t a l  form  
and  i n  th e  a n a lo g u e  fo rm , on a t e le t y p e  and  a X -Y  
r e c o r d e r  r e s p e c t i v e l y .
I n  the  p r e s e n t  w ork  th e  p a ra m e te rs  w h ic h  have  been 
u se d  a re  l i s t e d  b e lo w :
(a) E n e rg y ,  1 .5  MeV n o m in a l.
(b) H e liu m  beam c u r r e n t ,  3nA to  l5 n A .
(c) H e liu m  d o se  o r  c h a rg e  c o l l e c t e d  to  5|iC t o  30jiC.
(d) 400 c h a n n e ls  f o r  1 .5  MeV (= 3 .7 5  keV  p e r  c h a n n e l) .
(e) D e t e c t o r  b i a s  -1 0 0  v o l t s .
- 5  - 6(f )  Cham ber vacuum , 10 t o r r  to  10 t o r r .
(g) A n g le  o f  r o t a t i o n ,  c|>, 0 and a , a l l  v a r ie d  a s
a p p r o p r ia t e  f o r  th e  c h a n n e l in g  o r  random  mode 
a n a l y s i s .
To o b t a in  an a c c u ra t e  c a l i b r a t i o n  e n e rg y  p e r  c h a n n e l a 
b a c k s c a t t e r in g  sp e c t ru m  was o b t a in e d  u s i n g  a s t a n d a r d  
sa m p le . A t h i n  (< 5 o S ) g o ld  f i lm  was e v a p o ra te d  on a 
s i n g l e  c r y s t a l  s i l i c o n  sam p le  and was u se d  a t  th e  commencement 
o f  e a ch  b a c k s c a t t e r in g  s e s s i o n .  A l l  th e  RBS s p e c t r a  
p r e s e n te d  w ere  o b t a in e d  b y  r e p l o t t i n g  m a n u a lly  th e  
a v e ra g e  y i e l d  o f  f o u r  a d ja c e n t  c h a n n e ls  n o rm a l iz e d  to
-  44 -
ly C  o f  h e l iu m  d o se ,  t o  im p ro ve  th e  s t a t i s t i c s  o f  the  s p e c t r a .  
The t h e o r y  and o t h e r  r e l e v a n t  d e t a i l s  w ere d i s c u s s e d  i n  
C h a p te r  I I .
1 1 1 .' 6 . I n f r a  Red S p e c t r o s c o p y  E x p e r im e n ta l  D e t a i l s
No s p e c i a l  p r e p a r a t io n  o f  th e  sa m p le s  was n e c e s s a r y  i n  
t h i s  c a se  a s  sp e c im e n s  o f  any  sh ap e  o r  s i z e  c o u ld  be 
accom m odated. Sam p le s  o f  5mm sq u a re  geo m etry  w ere a n a ly s e d  
u s in g  a 2mm d ia m e te r  beam c o n d e n so r .  The l a r g e r  sa m p le s  
w ere a n a ly s e d  w it h  a 10mm d ia m e te r  a p e r t u r e .  A d u a l  beam 
sp e c t ro p h o to m e te r  w as u se d  f o r  a l l  th e  m e a su re m e n ts. A 
b a re  com pan ion  s i l i c o n  w a fe r  o f  a p p ro x im a t e ly  th e  same 
t h ic k n e s s  w as u se d  i n  th e  r e f e r e n c e  beam, to  c o r r e c t  
f o r  th e  l a t t i c e  a b s o r p t io n  b a n d s  o f  s i l i c o n .
I n f r a  re d  ( IR )  s p e c t r o s c o p ic  a n a l y s i s  w ere 
p e rfo rm e d  u s in g  P e r k in - E lm e r  S p e c t ro p h o to m e te r s ,  num ber 
337 , (ra n g e  400 cm 1 to  1300 cm *) a t  P h i l i p s  R e se a rc h  
L a b o r a t o r ie s ,  R e d h i l l  f o r  th e  i n i t i a l  w ork  and number 
557 (ra n g e  200 cm E t o  4000  cm i n  th e  U n i v e r s i t y 's  
C h e m is t r y  D ep a rtm en t f o r  th e  l a t t e r  p a r t  o f  th e  w o rk .
I I I .7 . C a p a c it a n c e  V o lt a g e  M ea su rem en ts
I n  th e  c a se  o f  th e  c a p a c i t a n c e - v o l t a g e  (C -V ) 
m easu rem en ts e i t h e r  f o u r  1mm d ia m e te r  o r  e i g h t  0.5mm d ia m e te r  
a lu m in iu m  d o t s  w ere e v a p o ra te d  on th e  im p la n te d  fa c e  o f  th e  
5mm sq u a re  sp e c im e n s .  On th e  b a c k ,  u n im p la n te d  s u r f a c e  
one 4mm d ia m e te r  a lu m in iu m  d o t  was e v a p o ra te d .  The sam p le
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w as th e n  h e ld  i n  in t im a t e  c o n t a c t  w ith  an a lu m in iu m  b lo c k  
u s i n g  c o n d u c t in g  s i l v e r  p a in t  w h e re a s  c o n t a c t  w it h  th e  
pad  on th e  im p la n te d  s id e  was made w ith  a s p r i n g  lo a d e d  
g o ld  p ro b e .
The v a r i a t i o n  o f ’th e  M e t a l -O x id e - S e m ic o n d u c t o r  (MOS) 
s t r u c t u r e  c a p a c it a n c e  w as p lo t t e d  a s a f u n c t io n  o f  v o l t a g e  
a c r o s s  th e  d e v ic e  a t  a m e a su r in g  f re q u e n c y  o f  1M Hz. N ote  
t h a t  th e  im p la n te d  l a y e r  i n  t h i s  c a se  w i l l  be r e f e r r e d  to  
a s  an o x id e  l a y e r  f o r  s i m p l i c i t y .  A b lo c k  d ia g ra m  o f  the  
eq u ip m e n t, u sed  i n  t h i s  p r o j e c t  i s  p r e s e n te d  in i f i g u r e
I I I .2 .
The p r i n c i p l e  o f  o p e r a t io n  o f  th e  s y s te m  i s  t h a t  th e  
r e s i s t i v e  com ponent o f  th e  s i g n a l ,  w h ic h  o c c u r s  due t o  
im b a la n c e  i n  th e  b r id g e  com ponent, i s  s u p p r e s s e d ;  w h i l s t  th e  
c a p a c i t i v e  com ponent due t o  t h i s  im b a la n c e  p ro d u c e s  a d . c .  
s i g n a l ,  w h ic h  i s  p r o p o r t i o n a l  to  th e  d e v ic e  c a p a c it a n c e .
The e x p e r im e n ta l  s e t t i n g  up p ro c e d u re  t o  o b t a in  r e p r o d u c ib le  
and  r e l i a b l e  r e s u l t s  i s  a s  f o l l o w s .  A c a p a c it a n c e  o f  lOOpF 
w as i n s e r t e d  i n t o  th e  s y s te m  v i a  th e  b r id g e  arm and  th e  
p h a se  s e n s i t i v e  d e t e c t o r  (PSD) o u tp u t  was s e t  to  z e ro .  Then 
th e  "p h a se  s h i f t "  was ch an ge d  to  o b t a in  a c o n d i t io n  su c h
t h a t  th e re  was no change  i n  th e  PSD o u tp u t ,  f o r  any
v a r i a t i o n s  i n  th e  r e s i s t i v e  com ponent o f  th e  b r id g e  arm  on
th e  m o st  s e n s i t i v e  s e t t i n g .  The b r id g e  c a p a c it a n c e  was
a d ju s t e d  to  z e ro ,  and th e  PSD  a g a in  a d ju s t e d  t o  g iv e  
maximum s e n s i t i v i t y  on th e  o u t p u t  m e te r. The sy s te m  
c a l i b r a t i o n  was checked  by  c o n n e c t in g  s t a n d a r d  c a p a c i t o r s  
i n  the  c i r c u i t ,  i n s t e a d  o f  th e  unknown sa m p le , t o
-  46 -
A f t e r  i n s e r t i n g  th e  MOS d e v ic e  i n t o  th e  c i r c u i t ,  a
v o l t a g e  ramp o f  0 . 1  o r  0 . 0 1  v o l t s / s e c  was a p p l ie d  a c r o s s
th e  d e v ic e  i n  th e  p o s i t i v e  (o r  n e g a t iv e )  d i r e c t i o n .  When
b reakdow n  v o l t a g e  o r  G (o r  C . ) was re a c h e d ,  th e3 max m m  '
d i r e c t i o n  o f  th e  ramp w as r e v e r s e d - t o  b r i n g  th e  v o l t a g e  
b a ck  to  z e ro .
From  th e  C - V  m easu rem en ts i t  i s  in t e n d e d  to  e s t im a t e
th e  f l a t - b a n d  v o l t a g e  ( V „ „ )  , th e  r a t i o  C . /C and3 FB m m ' ox
com pare th e  c h a r a c t e r i s t i c s  w it h  th e  t h e r m a l ly  grow n
✓
s t a n d a r d  o x id e s .  T h e re fo re  com b ined  w it h  o t h e r  t e c h n iq u e  
(see  s e c t io n  I I I . 8 to  I I I .  10) th e  q u a l i t y  o f  th e  im p la n t a t io n  
grow n and  t h e r m a l ly  grow n  o x id e s  c o u ld  be f u r t h e r  com pared.
I I I . 8 . E l l i p s o m e t r y
The r e f r a c t i v e  in d e x  and th e  f i lm  t h i c k n e s s  can  be 
m ea su red  p r e c i s e l y  u s i n g  t h i s  t e c h n iq u e ,  i f  th e  u n d e r l y in g
( i i )
s u b s t r a t e  i s  e x a c t l y  c h a r a c t e r i z e d ' . The a d v a n ta g e s  
o f  t h i s  m ethod a re  t h a t :
( i )  I t  i s  a c c u r a t e .
( i i )  I t  i s  n o n - d e s t r u c t i v e .
( i i i )  S m a ll  a r e a s  (~2mm sq u a re )  can be e a s i l y  a n a ly s e d .
The e l l i p s o m e t e r  u se d  w as t h a t  a t  th e  U n i v e r s i t y
/ 78)
and i s  s i m i l a r  to  th e  one d e s c r ib e d  by  Anand and Momodu 
T h ic k n e s s  m easu rem en ts o f  t h e r m a l ly  grow n s i l i c o n  d io x id e  
on s i l i c o n  s u b s t r a t e s  o f  known r e f r a c t i v e  in d e x ,
( N s i  = 3 .8 6 5  -  J 0 .0 1 8 7  a t  A = 6 3 2 8 8 ( 7 9 ) ) ,  w ere 
u se d  a s  a s t a n d a r d .  The r e f r a c t i v e  in d e x  o f  t h e se
e n s u re  t h a t  s y s te m  was c o r r e c t l y  s e t  u p .
Figure I I I - 2 .  Block diagram o f the autom atic C-V measuring 
equipm ent, using Phase S e n s itiv e  D e te c to r.
-  48 -
S i 0 2 f i lm s  was com pared w it h  th e  q u o te d  v a lu e s  i n  the  
l i t e r a t u r e ,  ( N s io 2 = 1 . 4 6 3 ) ^ ^ .
A s  e l l i p s o m e t r y  r e s u l t s  fo rm  a' m in o r  p a r t  o f  t h i s
t h e s i s  i t  i s  f e l t  t h a t  a d e t a i l e d  d e s c r i p t i o n  o f  th e
in s t r u m e n t  o r  th e  t h e o r y  i s  n o t  j u s t i f i e d ,  a s  b o th  have
(78 7 q )
been  c o v e re d  i n  th e  l i t e r a t u r e  '  . T h e re  a re  o t h e r
o p t i c a l  t e c h n iq u e s  f o r  th e  m easurem ent o f  S i 0 2 t h i c k n e s s ,  
e . g .  c o lo u r  c h a r t ^ 1  ^ and in t e r f e r o m e t r y  t e c h n i q u e s '2 ^, 
b u t  n e i t h e r  o f  them g iv e  r e s u l t s  a s  a c c u ra t e  a s  
e 1 1 i  psome t r y .
1 1 1 . 9. E tc h  R a te  M e a su re m e n ts
A n o th e r  u s e f u l  t e c h n iq u e  f o r  th e  a s s e s sm e n t  o f  th e
d e n s i t y ,  s t o ic h io m e t r y ,  bond  s t r a i n  and im p u r i t i e s  i n  th e
(83)o x id e  l a y e r s ,  i s  t h a t  o f  e t c h  r a t e  m easu rem en ts .
C h e m ic a l e t c h  made up o f  10ml I-IF, 15ml HN03 and 300m l 
d i s t i l l e d  w a te r  h a s  been  u se d  f o r  t h e se  a n a l y s i s .
The e t c h  r a t e  i s  f a s t e r  f o r  p o ro u s  and l e s s  de n se  
o x id e s ,  and s lo w e r  f o r  o x y g e n  d e f i c i e n t  f i lm s  su c h  a s  S iO  
f o r  w h ich  e t c h  r a t e  i s  a lm o s t  n e g l i g i b l e .  The e t c h  r a t e  
o f  im p la n t a t io n  grow n o x id e s ,  b o th  a s im p la n te d  and a n n e a le d  
h a s  been com pared w it h  t h a t  o f  t h e r m a l ly  grow n o x id e s .  A s  
th e  e tc h e d  s t e p  on th e  o x id e s  was m easu red  u s i n g  a " T a l y s t e p "  
th e  a c c u ra c y  o f  t h e se  m ea su rem en ts i s  e s t im a t e d  to  be 
± 5 to  8 %, a lt h o u g h  th e  a n n e a le d  sa m p le s  w ere a l s o  
m ea su red  on th e  e l l i p s o m e t e r .
1 1 1 . 10. D i e l e c t r i c  B reakdow n M ea su rem en ts
The a p p r o x im a te  m a g n itu d e  o f  th e  breakdow n f i e l d s
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a s s o c ia t e d  w it h  the  o x id e s  w ere m easu red  u s i n g  the  
" T e le q u ip m e n t  C T 71 " c u rv e  t r a c e r .  These  m easu rem en ts w ere 
p e rfo rm e d  on th e  sa m p le s  p re p a re d  f o r  C -V  a n a l y s i s .  The 
m easu rem en ts w ere c a r r i e d  o u t  by  c o n n e c t in g  the  MOS d e v ic e  
betw een th e  c o l l e c t o r  and e m it t e r  t e r m in a l s  o f  the  c u rv e  
t r a c e r .  When th e  g o ld  p ro b e  was c o n n e c te d  to  th e  c o l l e c t o r  
t e r m in a l  th e  p ro b e  was p o s i t i v e  w it h  r e s p e c t  t o  th e  
se m ic o n d u c to r ,  (+ v o l t s )  and when c o n n e c te d  to  th e  e m it t e r  
th e  p ro b e  was n e g a t iv e  w it h  r e s p e c t  to  th e  se m ic o n d u c to r  
( -  v o l t s ) .
The b reakdow n  f i e l d  was e s t im a t e d  by  i n c r e a s i n g  th e  
c o l l e c t o r  v o l t a g e  g r a d u a l l y  u n t i l  a r a p id  v o l t a g e  d ro p  
a c r o s s  th e  d e v ic e  o c c u r r e d .  The a c c u ra c y  o f  th e  m easurem ent 
o f  th e  b reakdow n  v o l t a g e  i s  l im i t e d  due to  th e  p o o r  
r e s o l u t i o n  on th e  c u rv e  t r a c e r  s c r e e n .  S e v e r a l  sa m p le s  w ere  
m ea su red  to  g i v e  good  s t a t i s t i c a l  r e s u l t s  f o r  b o th  n e g a t iv e  
and p o s i t i v e  v o l t a g e s ,  and i n  e a ch  c a se  th e  a v e ra g e  o f  th e  
two b i a s  r e s u l t s  was q u o te d .
P r i o r  to  the  d e s t r u c t i v e  e l e c t r i c a l  b reakdow n  t e s t i n g
th e  c u r r e n t  th ro u g h  th e se  MOS d e v ic e s  w as m o n ito re d  a s  a
f u n c t io n  o f  th e  a p p l ie d  v o l t a g e  a c r o s s  th e  d e v ic e .  The d . c .
v o l t a g e  a c r o s s  th e  d e v ic e  w as in c r e a s e d  m a n u a lly  i n  s m a l l
in c r e m e n t s .  The s t e a d y  s t a t e  c u r r e n t  was m ea su re d  w it h  a
K e i t h l y  e le c t r o m e t e r  o p e ra te d  i n  th e  " f a s t "  fe e d b a c k  mode,
a p p ro x im a t e ly  a f t e r  5 m in u te s  had  la p s e d  from  th e  t im e  when
(24)th e  v o l t a g e  was a p p l ie d  to  a v o id  t r a n s i e n t  e f f e c t s  . To 
p r e s e r v e  th e  d o u b le  s h i e l d i n g  e f f e c t  a l l  th e  e l e c t r i c a l  
in t e r c o n n e c t io n s  w ere made u s in g  t r i a x i a l  c a b le .
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CHAPTER I V
I V . 1. R u t h e r f o r d  B a c k s c a t t e r in g
I V . 1 .1 .  I n t r o d u c t i o n
The p a ra m e te r s  u se d  to  c h a r a c t e r iz e  th e  " im p la n t a t io n  
g ro w n " o x id e s  a re  o u t l i n e d  i n  t h i s  s e c t i o n .  The 
p ro c e d u re  f o r  o b t a i n i n g  th e  o x yg e n  p r o f i l e s ,  t h e  o x yg e n  
a re a  and th e  s i l i c o n  y i e l d  a re a  i s  d e s c r ib e d .  A l s o  th e  
d e f i n i t i o n s  f o r  th e  l a t t i c e  d i s o r d e r ,  m inimum y i e l d  
b e yon d  th e  im p la n te d  l a y e r  and th e  a re a  o f  th e  d i s o r d e r  a t  
the  i n t e r f a c e  a re  g iv e n .
I V . 1 .2 .  O xygen  P r o f i l e s  from  th e  R u t h e r f o r d  B a c k s c a t t e r e d  
S p e c t r a
A s th e  m ass o f  th e  o x yg e n  atom s i s  l e s s  th a n  th e  m ass 
o f  th e  s i l i c o n  atom s th e  e n e rg y  o f  th e  b a c k s c a t t e r e d  
h e l iu m  p a r t i c l e s  t h a t  have  c o l l i d e d  w it h  th e  o x yg e n  a tom s, i s  
l e s s  th a n  th o se  w h ic h  h a ve  c o l l i d e d  w it h  th e  s i l i c o n  atom s 
( s e c t io n  I I . 2 . 2 . ) .  T h e re 'fo re  th e  o x yg e n  y i e l d  i s  s u p e r ­
im po sed  on th e  s i l i c o n  sp e c t ru m  a s  shown by  th e  s y n t h e s i s e d  
d ia g ra m  o f  s i l i c o n  d io x id e  on s i l i c o n  shown i n  f i g u r e  I I . 4.
To o b t a in  the  im p la n te d  o x yg e n  im p u r i t y  p r o f i l e  i n  s i l i c o n  
th e  s i l i c o n  y i e l d  was e x t r a p o la t e d  to  e s t im a t e  th e  
b a c k g ro u n d  c o u n t .  By s u b s t r a c t i n g  th e  e s t im a t e d  b a c k ­
g ro u n d  ( s i l i c o n )  y i e l d  f o r  e a ch  i n d i v i d u a l  c h a n n e l the  
o x yg e n  p r o f i l e  was o b t a in e d .  The p ro c e d u re  f o r  c o n v e r t in g  
the  e n e rg y  s e a le  t o  d e p th  s c a le  h a s  been o u t l i n e d  i n
s e c t io n  I I . 2 .3 .  I n  th e  c a se  o f  d o se s  l e s s  th a n
17 - 2
s a t u r a t i o n  d o se  (e .g .  f o r  40 ke V , 9 x 10 i o n s  cm ) ,  
th e  s t o p p in g  pow er i s  a f u n c t io n  o f  d e p th ,  due to  th e
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n o n - u n i f o r m it y  o f  th e  o x yg e n  to  s i l i c o n  r a t i o  a s  f u n c t io n  
o f  l a y e r  d e p th .  T h e re fo re  t h i s  s im p le  c a l i b r a t i o n  i s  n o t  
a p p l i c a b le  to  lo w e r  d o se  im p la n t s .  A com pute r program m e^8 4  ^
h a s  been  u se d  to  o b t a in  a more a c c u ra t e  d e p th  p r o f i l e  f o r  
th e  n o n -u n if o r m  l a y e r s .
To e s t im a t e  th e  e n e rg y  l o s s  p a ra m e te r  (e q u a t io n  I I . 1 1 ),  
s o  t h a t  th e  e n e rg y  s c a le  may be c o n v e r te d  t o  a d e p th  s c a le  
t h e r m a l ly  grow n o x id e s  o f  v a r i o u s  t h ic k n e s s e s  w ere u se d .
The t h i c k n e s s  o f  t h e s e  o x id e s  w as m easu red  b y  an 
e l l ip s o m e t e r  (se e  s e c t i o n  I I I .  8 ) and on  a " T a l y s t e p "  by  
e t c h in g  a s t e p  on th e  o x id e  s u r f a c e  u s in g  b u f f e r e d  HF.
I V . 1 .3 .  C h a n n e l in g
a) I n t r o d u c t i o n
C h a n n e l in g  o f  th e  h e l iu m  beam i n  a s i n g l e  c r y s t a l  
o c c u r s  w heneve r th e  c r y s t a l  a x i s  o r  a p la n e  i s  a l i g n e d  w it h  
the  beam d i r e c t i o n .  D u r in g  c h a n n e l in g  th e  i n c id e n t  p a r t i c l e s  
a re  s t e e r e d  b y  a s e r i e s  o f  g e n t le  c o l l i s i o n s  w it h  the  
l a t t i c e  atom s o f  th e  row s o r  p la n e s .  The in f l u e n c e  o f  
c h a n n e l in g  on th e  p a r t i c l e s  t r a j e c t o r y  i s  m o st s t r i k i n g l y  
o b se r v e d  by  th e  s i g n i f i c a n t  r e d u c t io n  i n  th e  b a c k s c a t t e r e d  
p a r t i c l e  y i e l d  and to  a l e s s e r  e x t e n t  b y  a r e d u c t io n  i n  th e  
e n e r g y  l o s s  o f  th e  p a r t i c l e s  p e n e t r a t in g  th e  c r y s t a l .  I n  
o r d e r  f o r  th e  h e l iu m  beam o f  p a r t i c l e s  to  be s t e e r e d  b y  th e  
l a t t i c e  th e  beam d i r e c t i o n  m ust be o r ie n t a t e d  w i t h in  a 
c e r t a i n  c r i t i c a l  a n g le  (T^) from  th e  c r y s t a l  a x e s  o r  
p i  cine.
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A d e t a i l e d  d e s c r i p t i o n  o f  c h a n n e l in g  o f  e n e r g e t ic  
p a r t i c l e s  i s  n o t  g iv e n  h e re  a s  b o th  the  t h e o r y  and th e
a p p l i c a t i o n s  have  been  t h o r o u g h ly  c o v e re d  i n  th e  l i t e r a t u r e
(2 7 ,8 5 ,  8 6 ,8 7 ,8 8 )  _ . .. . . .
T h e re fo re  o n ly  th e  a p p l i c a t i o n s  o f
c h a n n e l in g  mode a n a l y s i s  w it h  r e s p e c t  t o  th e  p r e s e n t  w ork
w i l l  be d i s c u s s e d .
b) M e a su re  o f  L a t t i c e  D i s o r d e r  by  C h a n n e l in g  Mode A n a l y s i s
B e fo re  d i s c u s s i n g  th e  m easurem ent o f  th e  l a t t i c e  d i s ­
o r d e r  u s in g  th e  c h a n n e l in g  mode a n a l y s i s  i t  m ust be 
p o in t e d  o u t  t h a t ,  t h e re  i s  a lw a y s  p r e s e n t  a s m a l l  "ra n d o m " 
com ponent e ve n  f o r  a p e r f e c t  c r y s t a l .  A s m a l l  f r a c t i o n  o f  
th e  p a r t i c l e s  a re  i n c id e n t  c lo s e  enough  to  th e  o u te rm o s t  
atom s i n  th e  a x i a l  row s t h a t  th e y  u n d e rgo  w id e - a n g le  
s c a t t e r i n g  c o l l i s i o n s  and  t h e r e f o r e  p e n e t r a t e  th e  sam p le  
w it h o u t  b e in g  s t e e r e d  o r  c h a n n e le d .  The p re se n c e  o f  a t h i n  
n a t i v e  o x id e  l a y e r  (o r  s u r f a c e  d i s o r d e r )  a l s o  c a u se  an 
in c r e a s e  i n  th e  random  com ponent o f  th e  a l i g n e d  beam.
The c h a n n e le d  com ponent o f  the  beam r e p r e s e n t s  th e  
c o n d i t i o n s  u n d e r  w h ic h  th e  p a r t i c l e s  i n  th e  beam a re  
s t e e r e d  w it h o u t  a p p r o a c h in g  th e  a x i a l  row s c l o s e r  th a n  
0 . 1  -  0 . 2  8 ^ ^  i . e .  > > im p a c t  p a ra m e te r  f o r  l a r g e  a n g le  
e l a s t i c  s c a t t e r i n g .  T h e re fo re  th e  y i e l d  i n  th e  c h a n n e l in g  
d i r e c t i o n  r e p r e s e n t s  th e  num ber o f  h o s t  and  im p u r i t y  atom s 
t h a t  a re  d i s p l a c e d  by g r e a t e r  th a n  O . 2 8  from  t h e i r  o r i g i n a l  
o r  s u b s t i t u t i o n a l  s i t e s  r e s p e c t i v e l y .  I n  th e  p r e s e n t  w ork  
e l a s t i c  b a c k s c a t t e r in g  o f  1 .5  MeV h e l iu m  io n s  h a s  been  u se d .  
The l a t t i c e  d i s o r d e r  was i n v e s t i g a t e d  and m easu red  by 
o b s e r v in g  th e  i n t e r a c t i o n  o f  th e  c h a n n e le d  p a r t i c l e s  w it h  
t h o se  o f  th e  l a t t i c e  a to m s, w h ic h  have  been
s u f f i c i e n t l y  d i s p l a c e d  i . e .  > 0 . 2  8 , from  th e  l a t t i c e  row s 
p l a n e s .
D u r in g  im p la n t a t io n  l a t t i c e  d i s o r d e r  i s  c r e a te d  a s  th e
im p la n te d  io n s  come to  r e s t  i n  th e  h o s t  c r y s t a l .  The
d i s o r d e r  a r i s e s  from  n u c le a r  c o l l i s i o n s  i n  w h ic h  th e  l a t t i c e
atom s a re  d i s p la c e d  and  from  th e  d i s t o r t i o n  o f  th e  l a t t i c e
d e f e c t s  i n  the  im p la n te d  l a y e r .  G e n e r a l ly  io n  im p la n t a t io n
i s  u se d  f o r  th e  d o p in g  o f  s e m ic o n d u c to r  m a t e r i a l s  and
13 15th e  d o p a n t  c o n c e n t r a t io n  i s  i n  th e  r e g io n  o f  1 0  t o  10 
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i o n s  cm . T h i s  am ount o f  d o se  i s  s u f f i c i e n t  t o  r e n d e r  
th e  im p la n te d  l a y e r  h e a v i l y  damaged and th e  m a gn itu d e  o f  
th e  d i s o r d e r  i s  a f u n c t io n  o f  th e  im p la n te d  d o se .  D e p e n d in g
on th e  e n e rg y  and th e  m ass o f  th e  d o p a n t a c o m p le te ly
am orphous s u r f a c e  l a y e r  i s  form ed  f o r  d o se s  g r e a t e r  th a n  a
-i , ( 2 7 ,  28)c r i t i c a l  d o se  '
The am ount o f  im p la n te d  d o se  r e q u i r e d  f o r  th e  f o rm a t io n  
o f  com pounds by io n  im p la n t a t io n  i s  much g r e a t e r  th an  th e  
d o se  a t  w h ic h  an am orphous l a y e r  i s  fo rm ed . T h e re fo re  f o r  
th e  d i s o r d e r  c a l c u l a t i o n s  th e  s im p le  m ethod o f  m e a su r in g  
th e  m inimum y i e l d  j u s t  b e yon d  th e  damaged l a y e r  (xm^n ) an(5 a re a  
u n d e r  th e  am orphous l a y e r  m ust be a p p l ie d  w it h  c a u t io n .
The p a ra m e te r s  t h a t  h ave  been o b t a in e d  from  th e  
c h a n n e l in g  e f f e c t  m ea su rem en ts a re :
( i )  X 1 .m m
( i i )  th e  t o t a l  d i s o r d e r  i n  th e  im p la n te d  l a y e r .
( i i i )  the  i n t e r f a c e  damage a re a .
A l l  t h e s e  p a ra m e te r s  have  been  d e f in e d  i n  s e c t io n  I V . 1.
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th e  l i m i t a t i o n s  o f  t h i s  p ro c e d u re  have  a l s o  been o u t l in e d  
i n  s e c t i o n  I V . 1 .5 .
By u s in g  th e  c h a n n e l in g  mode a n a l y s i s  more a c c u ra t e  
o x yg e n  p r o f i l e s  w ere  o b t a in e d  due to  th e  re d u c e d  b a c k g ro u n d  
( s i l i c o n )  y i e l d .  S i m i l a r l y ,  th e  a re a  o f  th e  s i l i c o n  y i e l d  
from  th e  s i l i c o n  i n  th e  im p la n te d  la y e r  w as more a c c u r a t e ly  
o b t a in e d  a g a in  due t o  more a c c u r a t e  d e f i n i t i o n  o f  th e  
im p la n te d  l a y e r - s u b s t r a t e  s i l i c o n  i n t e r f a c e .
I V . 1 .4 .  D e f i n i t i o n  and E v a lu a t io n  o f  P a ra m e te rs
a) M inim um  Y i e l d  b e yon d  th e  Im p la n te d  L a y e r
C r y s t a l  p e r f e c t i o n  i s  c h a r a c t e r iz e d  b y  th e  v a lu e  o f  
th e  w here  X ^  i s  d e f in e d  a s  th e  r a t i o  o f  th e  y i e l d  i n
a p e r f e c t l y  a l i g n e d  d i r e c t i o n  (see  s e c t i o n  I V . 1 . 3 . )  and th e
y i e l d  i n  th e  random  d i r e c t i o n .  T r a d i t i o n a l l y  i t  i s
c a l c u la t e d  f o r  one o r  two c h a n n e ls ,  j u s t  b e yon d  th e  s u r f a c e  
damage peak  w here  th e  y i e l d  i s  m in im a l a s show n i n  f i g u r e
V. 12.
Xm in  = Y l / Y 2 .........  IV .  1 .
To e s t im a t e  th e  m a gn itu d e  o f  th e  d e c h a n n e l in g  c re a te d
b y  th e  o x yge n  im p la n te d  i n t o  s i l i c o n  and  th e  damage b e lo w
th e  im p la n te d  la y e r  a f a c t o r  X 1 . h a s  been u se d  w h ic h  i sJ m m
d e f in e d  a s  show n i n  f i g u r e  V .1 2 :
X ' n i i n  -  Y ' l A ' 2  ............... I V . 2 .
I I
w here  Y  ^ and Y 2 a re  a v e ra g e  y i e l d s  o f  10 c h a n n e ls  be yon d
th e  i n t e r f a c e  o f  th e  s u b s t r a t e  and th e  im p la n te d  l a y e r  i n  th e  
a l i g n e d  and random  d i r e c t i o n s  r e s p e c t i v e l y .
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To c a l c u l a t e  th e  o x y g e n  c o n c e n t r a t io n  i n  th e  im p la n te d  
l a y e r  two d i f f e r e n t  m ethods h a ve  been u se d  and d e t a i l s  o f  
b o th  a re  g iv e n  i n  s e c t i o n  I V . 1 .5 .  H ere  th e  d e f i n i t i o n s  
o f  th e  v a r i o u s  te rm s u se d  a re  g iv e n .  The a re a  A0 i s  th e  
a re a  u n d e r  th e  o x y g e n  peak  o b t a in e d  a s  d e s c r ib e d  i n  s e c t i o n
I V . 1 .2 .  The a re a  A g ^ u n d e r  th e  s i l i c o n  p la t e a u  was 
e s t im a te d  by  m e a su r in g  th e  num ber o f  c h a n n e ls  betw een  th e  
h a lf-m a x im u m  p o in t  o f  th e  l e a d in g  ed ge , w h ic h  c o r re sp o n d e d  
t o  s c a t t e r i n g  from  s i l i c o n  atom s a t  th e  s u r f a c e  and th e  
m id p o in t  o f  th e  edge  c o r r e s p o n d in g  to  s c a t t e r i n g  from  
s i l i c o n  atom s a t  th e  im p la n te d  l a y e r - s i l i c o n  s u b s t r a t e  
i n t e r f a c e .  The m a g n itu d e  o f  th e  a re a  was th e n  c a l c u la t e d  
b y  i n t e g r a t i n g  th e  y i e l d  betw een  the  h a l f - w a y  p o in t  and th e  
s u r f a c e  and t h i s  v a lu e  w as d o u b le d  to  g i v e  th e  t o t a l  a re a  
A .. T h i s  p ro c e d u re  e l im in a t e d  th e  c o n t r i b u t i o n  to  th e
S  X
a re a  from  th e  damage i n  th e  v i c i n i t y  o f  th e  i n t e r f a c e .
An a p p r o x im a t io n  t o  t h i s  m ethod o f  c a l c u l a t i n g  th e
a r e a s  i s  t o  m ea su re  th e  p r o f i l e  w id th  and h e ig h t  and th e n  th e
p ro d u c t  o f  t h e s e  two q u a n t i t i e s  g i v e s  th e  r e s p e c t i v e  a re a s
u n d e r  th e  c u r v e s , (A _ = AE x  Y and A . = A E „ . x Y . ) .o o o s i  s i  s i
The o t h e r  m ethod u t i l i z e d  to  c a l c u l a t e  th e  o x yge n  
c o n c e n t r a t io n ,  i n v o l v e d  u s in g  th e  random  s c a t t e r i n g  y i e l d  
from  u n im p la n te d  s i l i c o n  ( Y ' s i )  and th e  s c a t t e r i n g  y i e l d  from  
th e  s i l i c o n  i n  th e  im p la n te d  l a y e r  (Ys j_) a t  a s p e c i f i c  
b a c k s c a t t e r e d  e n e rg y .  The m a gn itu d e  o f  Y * s i  w as e s t im a t e d  b y  
e x t r a p o l a t i n g  th e  y i e l d  due t o  th e  u n d e r l y in g  s i l i c o n  
s u b s t r a t e  up  to  th e  h ig h e r  e n e rg y  a s  shown i n  f i g u r e  V . 8 .
b) The Oxygen and S i l i c o n  A re a s  and S c a t t e r i n g  Y i e l d s
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D u r in g  im p la n t a t io n ,  d i s o r d e r  i s  c r e a te d  a s  th e  e n e r g e t ic  
im p la n te d  io n s  d i s p e n s e  t h e i r  e n e rg y  to  th e  h o s t  c r y s t a l .
The d i s o r d e r  a r i s e s  from  n u c le a r  c o l l i s i o n s  i n  w h ich  the  
l a t t i c e  atom s a re  d i s p la c e d .  I n  t h i s  c a se  th e  am ount o f  
d i s o r d e r  i s  a m easu re  o f  th e  num ber o f  atom s lo c a t e d  a t  
> 0 .2 8  from  th e  l a t t i c e  s i t e s  u s in g  th e  RBS m ethod.
To c a l c u l a t e  th e  d i s o r d e r  c re a te d  by  io n  im p la n t a t io n
(73)th e  m ethod s u g g e s t e d  by  P ic r a u x  '  was u se d  w it h  c e r t a i n  
m o d i f i c a t i o n s  b e c a u se  h i s  a n a l y s i s  w ere  p r im a r i l y  f o r  
low  d o se  im p la n t s .  I n  th e  p r e s e n t  a n a l y s i s  two d i s t i n c t  
r e g io n s  a re  o f  i n t e r e s t :
( i )  th e  o x id i z e d  r e g io n .
( i i )  th e  dam aged r e g io n .
Sam p le s  im p la n te d  w i t h  h ig h  d o se s  (e .g .  40 keV ,
17 - 2
> 9 x  10 io n s  cm ) h a ve  th e  o x id i z e d  r e g io n .
The am ount o f  d i s o r d e r  was e s t im a te d  b y  i n t e g r a t i n g  th e  
c h a n n e le d  sp e c t ru m  ( f i g u r e  V .1 2 )  from  p o in t  A b e yon d  th e  
damage peak  up to  th e  c h a n n e l w here  th e  y i e l d  e f f e c t i v e l y  
d ro p s  to  z e ro  (a re a  A ^ ) .  Two c o r r e c t io n s  w ere  im p lem ented :
The f i r s t  o f  w h ic h  i s  a re a  A^ o f  th e  "u n d o p e d 11 sp e c t ru m  f o r  th e  
c o r r e s p o n d in g  num ber o f  c h a n n e ls .  The "u n d o p e d " sp e c t ru m  
i s  due to  s c a t t e r i n g  from  th e  d i s p la c e d  s i l i c o n  atom s i n  th e  
s u r f a c e  la y e r  w h ic h  may be  due to  s t r a i n ,  s u r f a c e  o x id e  and 
e n t r y  o f  th e  h e l iu m  beam c lo s e  to  a row . S e c o n d ly  th e  
c o n t r ib u t io n  a r i s i n g  from  i n t e r a c t i o n s  betw een th e  g r a d u a l l y  
i n c r e a s i n g  random  com ponent and  th e  n o n - d i s p la c e d  f r a c t i o n  
o f  th e  l a t t i c e  a tom s, a s  show n by  t r i a n g l e  ABC, a re a  A 2 .
c ) D i s o r d e r i n g  o f  t h e  Im p la n t e d  L a y e r
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T h e r e fo re  th e  d i s o r d e r  i s  A^ -  (A 2 + A ^ ) )  n o te  l i n e
AC was draw n su c h  t h a t  i t  i n t e r s e c t e d  th e  "u n d o p e d " sp e c t ru m
(73)j u s t  b e yo n d  th e  peak  . i f  i t  i s  a ssum ed  t h a t  by
a n n e a l in g  th e  o x id i z e d  r e g io n  i s  n o t  e f f e c t e d  th e  a re a
(73)c a l c u l a t e d  b y  th e  P ic r a u x  m ethod w i l l  r e p r e s e n t  th e
damage a t  th e  i n t e r f a c e  and  b e yo n d .
d) I n t e r f a c e  D i s o r d e r  A re a
I f  i t  i s  a ssum ed  t h a t  th e  s i l i c o n  a re a  i n  th e  s u r f a c e  
im p la n te d  la y e r  d o e s  n o t  change  s i g n i f i c a n t l y  w it h  th e  
im p la n te d  d o se  on ce  th e  u n if o r m  la y e r  i s  fo rm ed , th e n  
a more s e n s i t i v e  damage de pendence  w it h  th e  im p la n te d  d o se  
and  th e  a n n e a l in g  te m p e ra tu re ,  can  be o b t a in e d  by  c o n s id e r in g  
o n ly  th e  " i n t e r f a c e  d i s o r d e r  a r e a " .  To o b t a in  t h i s  a re a  
th e  y i e l d  u n d e r  th e  peak  up to  th e  e s t im a te d  i n t e r f a c e  was 
in t e g r a t e d ,  w it h  th e  b a c k g ro u n d  draw n i n  b y  e x t r a p o l a t i n g  th e  
lo w e r  e n e rg y  b a c k g ro u n d  y i e l d  a s  shown i n  th e  i n s e t  o f  
f i g u r e s  V .1 5  and  V . 16.
I V . 1 .5 .  O xygen  C o n c e n t r a t io n  in  th e  Im p la n te d  L a y e r
A s  d i s c u s s e d  i n  s e c t i o n  I V . 1 .4 ,  two m ethods to  
e v a lu a t e  th e  o x y g e n  c o n c e n t r a t io n  i n  th e  im p la n te d  l a y e r s  
h a ve  been  u se d .  V a r io u s  p a ra m e te rs  u se d  i n  th e  c a l c u l a t i o n s  
a re  d e f in e d  i n  f i g u r e  V . 8 . From  th e  a r e a s  m ethod  th e  a v e ra g e  
c o m p o s it io n  was c a l c u la t e d ,  u s i n g  th e  f o l l o w in g  e q u a t io n :
N A  a .o -  o s i
N , A  . a „s i  s i  o   IV .  3.
w here  A  and A . a r e  d e f in e d  i n  f i g u r e  V . 8  and o . ando s i  J s i
aQ a re  th e  R u t h e r f o r d  c r o s s  s e c t i o n s  f o r  s i l i c o n  and  o x yg e n  
r e s p e c t i v e l y .
-  58 -
A n o th e r  m ethod t h a t  h a s  been  i n v e s t i g a t e d  i s  th e  
s im p le  c o m p a r iso n  p ro c e d u re  a s  s u g g e s t e d  b y  M eye r e t  a l ,  
and B o rd e r s  and S w e e t ^ 9 ^. T h i s  m ethod i s  s t r i c t l y  o n ly
a p p l i c a b le  f o r  d o se s  g r e a t e r  th a n  s a t u r a t i o n  d o se  i . e .  
when a f l a t  p r o f i l e  i s  fo rm ed  f o r  th e  s i l i c o n  s u r f a c e  y i e l d  
a s  shown i n  f i g u r e  V . 8 . I n  t h i s  c a se  th e  o x yg e n  to  s i l i c o n
b a se d  on th e  num ber o f  atom s p e r  s q u a re  c e n t im e t re  t r a v e r s e d  
a s  d e f in e d  i n  s e c t i o n  I I . 2 .3 .
The o x yg e n  to  s i l i c o n  r a t i o  c a l c u la t e d  u s in g  t h i s  
m ethod f o r  th e  lo w e r  d o se s  i s  th e  peak o x y g e n  to  s i l i c o n  
c o n c e n t r a t io n .  The r a t i o  r e p r e s e n t s  th e  mean c o n c e n t r a t io n  
f o r  th e  h ig h  d o se s  i . e .  > s a t u r a t i o n  d o se .
The l i m i t a t i o n s  o f  th e  two m ethods a re  e x p la in e d  h e re .
The a r e a s  m ethod g i v e s  th e  mean c o n c e n t r a t io n  o f  o x yg e n  i o n s  
i n  th e  im p la n te d  l a y e r  b u t  i t  h a s  one m ajo r in h e r e n t  s y s t e m a t ic  
e r r o r .  The a re a  o f  th e  s i l i c o n  y i e l d  i n  th e  im p la n te d  l a y e r  
can  n o t  be a c c u r a t e ly  d e te rm in e d  due to  th e  d i f f i c u l t y  
i n c u r r e d  i n  e s t im a t in g  th e  c o r r e c t  p o s i t i o n  o f  th e  im p la n te d  
l a y e r - s i l i c o n  s u b s t r a t e  i n t e r f a c e .  The p ro c e d u re  u se d  to  
e s t im a t e  th e  a re a  un d e r th e  o x yg e n  p r o f i l e  h a s  a s y s t e m a t ic  
e r r o r  due to  th e  l im i t e d  a c c u ra c y  w it h  w h ic h  th e  b a c k g ro u n d  
can  be  e s t im a te d .
r a t i o  i s  g iv e n  by ( 6 9 ,  8 9 )
£
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w here  £g i  and e q a re  th e  s t o p p in g  c r o s s  s e c t i o n s  f o r  th e
(71)s i l i c o n  and o x y g e n  r e s p e c t i v e l y  , i . e .  th e  e n e rg y  l o s s  i s
I n  th e  c a se  o f  th e  h e i g h t s  m ethod i n a c c u r a c ie s  a re  
in v o l v e d  i n  e s t im a t in g  th e  y i e l d  from  an "u n im p la n t e d "  
sa m p le , by  e x t e n d in g  th e  lo w e r  e n e rg y ' (d e e p e r) s i l i c o n  
y i e l d  and  i n  o b t a i n i n g  th e  a p p r o p r ia t e  s t o p p in g  c r o s s  
s e c t i o n s a t  t h a t  p a r t i c u l a r  e n e rg y .  T h e se  l i m i t a t i o n s  
w ere  p a r t i a l l y  ove rcom e  by  r e p e a t in g  th e  e x p e r im e n t  on  f o u r  
o r  f i v e  sa m p le s  and  t a k in g  th e  mean o f  th e  r e s u l t s  from  th e se  
s p e c t r a .
I V . 2. I n f r a  Red  S p e c t r o s c o p y
T r a n s m it t a n c e ,  a b s o r p t io n  I n f r a  re d  ( I R ) , s p e c t r o s c o p y ,  
was u se d  f o r  s t r u c t u r a l  s t u d ie s  o f  th e  o x id e s  fo rm ed  
b y  i o n  im p la n t a t io n .  The I R  s p e c t r a  w ere  com pared  w it h  
t h e r m a l ly  g row n, d e v ic e  q u a l i t y ,  s i l i c o n  d io x id e .
I n f r a  r e d  p e a k s  can  be  com pared  i n  t h r e e  d i f f e r e n t  w a y s,
from :
( i )  The m a g n itu d e  o f  maximum a b s o r p t io n .
( i i )  The p o s i t i o n  o f  maximum a b s o r p t io n  (wave num ber)
( i i i )  The a b s o r p t io n  peak  w id t h  a t  h a l f - p e a k  (FW HM).
T h e rm a lly  g row n  s i l i c o n  d io x id e  h a s  peak  a b s o r p t io n  a t
1080 cm 1 , (9 .25 {im ), and  th e  FWHM i s  o r d e r  o f  100 cm The .
i n t e n s i t y  o f  th e  a b s o r p t io n  peak  i s  a f u n c t io n  o f  th e  o x id e
(90 91)t h i c k n e s s ,  a s s u m in g  t h a t  o x id e  d e n s i t y  i s  u n if o r m  '
The p o s i t i o n  o f  th e  S i - 0  s t r e t c h i n g  bond  n e a r  th e  1080 cm 1 
and  th e  FWHM a re  s t r o n g l y  in f lu e n c e d  by  th e  b o n d in g  c h a r a c t e r ,
/go \
s t o ic h io m e t r y ,  d e n s i t y  and th e  p o r o s i t y  o f  th e  f i lm s
Some o f  t h e s e  p r o p e r t ie s  w ere  e v a lu a t e d  f o r  th e  im p la n t a t io n
-  59 -
grown o x id e s  and com pared w i t h  t h e  d e v ic e  q u a l i t y  t h e r m a l l y
-  60 -
(83)
I t  h a s  been  s u g g e s t e d  t h a t  from  th e  I R  m e a su re ­
m ents o t h e r  u s e f u l  in f o r m a t io n  can  be e x t r a c t e d  w it h  an 
in s t r u m e n t  w it h  a r a n g e  o f  400 cm" 1  t o  4000 cm "1 . T h is  
in f o r m a t io n  i n c l u d e s :•
( i )  From  th e  i n t e n s i t y  o f  th e  a b s o r p t io n  b a n d s n e a r  
th e  3650 and  3400 cm 1 , w h e th e r  o r  n o t  h y d ro g e n  bonded  
h y d r o x y l  g ro u p s  a re  p r e s e n t  can  be deduced , w h ic h  i s  an 
i n d i c a t i o n  o f  th e  q u a l i t y  o r  p o r o s i t y  o f  t h e  o x id e s .
( i i )  Im p u r i t i e s  o t h e r  th a n  h y d r o x y l  g ro u p s  (o r  w a te r )  
c a n  be d e te c te d  b y  t h e i r  c h a r a c t e r i s t i c  a b s o r p t io n  b a n d s .
The o x id e  t h i c k n e s s  can  be  c a lc u la t e d  from  th e  m e a su re -
(92)m ent o f  th e  maximum a b s o r p t io n  from  B e e r 's  law  , w h ic h
i s  d e f in e d  a s :
A  = a . b . c. . . . . .  I V . 5
w here  A  i s  th e  maximum a b s o r p t io n  a i s  th e  a b s o r p t i v i t y  
c o n s t a n t  a t  th e  m e a su r in g  w a v e le n g th ,  b i s  th e  t h ic k n e s s  o f  
th e  a b s o r b in g  m a t e r ia l ,  and c i s  th e  c o n c e n t r a t io n  o f  th e  
a b s o r b in g  m a t e r ia l .
To o b t a in  t h i s  e q u a t io n  th e  maximum a b s o r p t io n  was 
p lo t t e d  a g a in s t  th e  o x id e  t h i c k n e s s .  The r e s u l t i n g  s t r a i g h t  
l i n e  v e r i f i e d  t h a t  f o r  t h e r m a l ly  grow n o x id e s  B e e r 's  law  was 
o b e y e d .
The maximum a b s o r p t io n  w as e s t im a t e d  u s i n g  th e  " b a s e l i n e "
(92 ) t e c h n iq u e  a s  show n i n  th e  i n s e t  to  f i g u r e  V .2 2 .  The 
b a c k g ro u n d  p e rc e n ta g e  t r a n s m it t a n c e  and peak
grown s i l i c o n  d i o x i d e .
-  6 1  -
t r a n s m it t a n c e  w ere  o b t a in e d  f o r  each  sp e c t ru m  and th e n  t h e se
r e s u l t s  w ere  c o n v e r t e d  to  a b so rb a n c e  v a lu e s  from  th e
(93)t r a n s m it t a n c e / a b s o r b a n c e  c h a r t  .
T h e r e fo re  t o  u se  t h i s  t e c h n iq u e  f o r  e s t im a t in g  th e  
t h ic k n e s s  o f  th e  im p la n te d  l a y e r  p r i o r  Jtnow ledge o f  the  
c o n c e n t r a t io n  o f  S i - 0  b o n d s i s  r e q u i r e d ,  w h ic h  a re  
r e s p o n s ib l e  f o r  th e  a b s o r p t io n  a t  t h a t  p a r t i c u l a r  w a v e le n g th .  
T h e re fo re  t h i s  t e c h n iq u e  i s  o n ly  v a l i d  f o r  m e a su r in g  o x id e  
t h ic k n e s s e s  when im p la n t  d o se s  a re  g r e a t e r  th a n  s a t u r a t i o n  d o se  
when i t  may be  assum ed  t h a t  th e  c o n c e n t r a t io n  i s  u n if o rm .  O r 
a l t e r n a t i v e l y  i f  th e  o x id e  t h ic k n e s s  i s  know n from  a n o th e r  
m easurem ent c h a n ge s  can  be e s t im a t e d  and d e te c te d  i n  the  
S i - 0  bond  c o n c e n t r a t io n .
The q u a n t i t a t i v e  s t r u c t u r e  o f  th e  f i lm s  can  be
d e te rm in e d  from  th e  p o s i t i o n  o f  th e  a b s o r p t io n  peak  .
T h i s  w as done b y  d e t e r m in in g  th e  p o s i t i o n  o f  th e  maximum
a b s o r p t io n  band  i n  th e  9 jam to  10jam r e g io n .  S iO  h a s  a
s t r o n g  a b s o r p t io n  b and  a t  1 0 jam f o r  x  = 1  and  as x  + 2 th e
p o s i t i o n  o f  t h i s  band  m oves to w a rd s  9.25jom. The p o s i t i o n  o f
th e  maximum a b s o r p t io n  band  i s  l i n e a r l y  r e l a t e d  to  th e
(95 96)m a g n itu d e  o f  x  i n  th e  r a n g e  1 <x< 2 ' . The e q u a t io n
i s :
A = - 0 . 7 5  x  + 1 0 .7 5  ........ I V . 6
w here  A i s  g i v e n  i n  jam and  x  i s  th e  o x yg e n  to  s i l i c o n  r a t i o .
I n  th e  c a se  o f  o x id e s  p ro d u c e d  by  io n  im p la n t a t io n  th e  
t e c h n iq u e  m ust be  a p p l ie d  w it h  c a u t io n  s i n c e  n o t  o n ly  w i l l  an 
o x y g e n  d e f i c i e n c y  i n  th e  o x id e  c a u se  th e  maximum a b s o r p t io n  
peak  to  s h i f t  t o  a h ig h e r  w a v e le n g th  b u t  bond  s t r a i n
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(97)a l s o  c a u se s  s i m i l a r  s h i f t '  . T h e re fo re  t o  o b t a in  r e l i a b l e  
o x id e  t h ic k n e s s  r e s u l t s  o r  th e  m a gn itu d e  o f  th e  S i - 0  bond  
c o n c e n t r a t io n  th e  " im p la n t a t io n  g ro w n " o x id e s  m ust be g iv e n  
p o s t  im p la n t a t io n  a n n e a l in g  t re a tm e n t  o t h e r w is e  e r r o n e o u s  
r e s u l t s  w i l l  be  o b t a in e d .
I V . 3. C a p a c it a n c e -V o 11 a ge  C h a r a c t e r i s t i c s
I V . 3 .1 .  I n t r o d u c t i o n
F o r  th e  s t u d y  o f  s e m ic o n d u c to r  s u r f a c e s  th e  m e ta l-  
i n s u la t o r - s e m ic o n d u c t o r  (M IS )  d io d e  i s  th e  m o st u s e f u l  
d e v ic e .  An u n d e r s t a n d in g  o f  th e  s u r f a c e  p h y s i c s  w it h  th e  
h e lp  o f  M IS  d io d e s  i s  o f  g r e a t  im p o r ta n c e  t o  d e v ic e  o p e r a t io n .  
The r e l i a b i l i t y  and  th e  s t a b i l i t y  o f  th e  se m ic o n d u c to r  
d e v ic e s  i s  c l o s e l y  r e l a t e d  to  t h e i r  s u r f a c e  c o n d i t i o n s .
H ere  th e  o x yg e n  im p la n te d  l a y e r  w i l l  be c o n s id e r e d  a s  
th e  i n s u l a t o r  o r  o x id e  and  so  we s h a l l  r e f e r  t o  o u r  
d e v ic e s  a s  MOS s t r u c t u r e s .
I V . 3 .2 .  C a p a c i t a n c e - V o l t a g e  A n a l y s i s
A d e t a i l e d  s t u d y  o f  th e  o p e r a t io n  o f  th e  MOS d e v ic e s
i s  b e yo n d  th e  sc o p e  o f  th e  p r e s e n t  w o rk . A  c o m p re h e n s iv e
( 8 1 )d e s c r i p t i o n  h a s  be en  p r e s e n te d  b y  S ze  and  a more
g e n e r a l  d e s c r i p t i o n  o u t l i n e  w as g iv e n  i n  th e  bo ok  by G r o v e ^ ^  .
N o rm a lly  an i d e a l  MOS s y s te m  i s  a ssum ed  f o r  th e  d e r i v a t i o n
o f  th e  d e v ic e  c h a r a c t e r i s t i c s  and  th e n  an a l lo w a n c e  i s
made f o r  th e  n o n - id e a l  s i t u a t i o n .  The f o l l o w in g  a s s u m p t io n s
a re  made f o r  th e  i d e a l  sy s te m :
( i )  A t  z e r o  a p p l i e d  b i a s  t h e r e  i s  n o  e n e r g y  d i f f e r e n c e
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betw een  th e  m e ta l w ork  f u n c t io n  and th e  se m ic o n d u c to r  w ork  
f u n c t io n .
( i i )  U nde r b i a s  c h a r g e s  e x i s t  o n ly  i n  th e  s e m ic o n d u c to r  
n o t  i n  th e  o x id e .
( i i i )  The i n s u l a t o r  (o x id e )  h a s  an i n f i n i t e  r e s i s t i v i t y  
u n d e r  d . c .  b i a s i n g  c o n d i t i o n s .
When th e se  i d e a l  c o n d i t i o n s  p r e v a i l  th e  C -V  
c h a r a c t e r i s t i c s  a re  d e s c r ib e d  by  th e  f o l l o w in g  e q u a t io n s .
The t o t a l  c a p a c it a n c e  (C) i s  g iv e n  by  ;
w here  Ch i s  th e  i n s u l a t o r  c a p a c it a n c e  p e r  u n i t  a re a .
CD i s  th e  s i l i c o n  sp a c e  c h a rg e  ( d e p le t io n )  c a p a c it a n c e ,  
and  i s  d e f in e d  a s  ;
CD
I V . 8
w here  F , ~8H;s (e + 3 Ys
IV .  9
and L,D I V .  10
-  64 -
The f l a t  band  c a p a c it a n c e ,  (C„D ) , i s  d e f in e d  a s  th er sd
(81)c a p a c it a n c e  when H's = 0.
E i
CFB 0) -d + / k T E s
— v
Poq   IV .  11
I n  a p r a c t i c a l  sy s te m , th e  above  assum ed  i d e a l  
s i t u a t i o n  n e v e r  o c c u r s  . T h e se  d e p a r t u r e s  from  th e  i d e a l
c a se  can  be g ro u p e d  i n  to  th e  f o l l o w in g  c a t e g o r ie s ;
(.i) The m e ta l t o  se m ic o n d u c to r  w o rk  f u n c t io n
d i f f e r e n c e  ($ / 0 ) (99)ms
( i i )  The e x i s t e n c e  o f  a c h a rg e  s h e e t  i n  th e  o x id e ,
(91)n e a r  th e  o x id e  -  s e m ic o n d u c to r  i n t e r f a c e  ' .
( i i i )  The p re s e n c e  o f  m o b ile  c h a r g e s  i n  th e  o x id e
( i v )  The s u r f a c e  s t a t e s  r e s i d i n g  a t  th e  o x id e -  
se m ic o n d u c to r  i n t e r f a c e  .
The e f f e c t  o f  th e  w o rk  f u n c t io n  d i f f e r e n c e  i s  t o  
d i s p l a c e  th e  e x p e r im e n ta l  c a p a c i t a n c e - v o l t a g e  c u rv e  from  
th e  i d e a l  t h e o r e t i c a l  c u rv e  a lo n g  th e  v o l t a g e  a x i s .  The 
m o b ile  c h a rg e s  a l s o  h a ve  a s i m i l a r  e f f e c t  on  th e  C -V  
c u r v e s .  The e f f e c t  due to  s u r f a c e  s t a t e s  a p p e a r s  a s  e i t h e r  
s t e p s  i n  th e  c h a r a c t e r i s t i c s  o r  a g r a d u a l  d i s t o r t i o n ,  
d e p e n d in g  on th e  n a t u r e  o f  th e  d i s t r i b u t i o n  o f  t h e s e  s t a t e s .
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CHAPTER V
V . R e s u l t s  
I n t r o d u c t i o n
I n  t h i s  c h a p te r  th e  e x p e r im e n ta l  r e s u l t s  o b t a in e d  
u s in g  v a r i o u s  d i a g n o s t i c  t e c h n iq u e s  a re  p r e s e n te d .
The r e s u l t s  a re  p r e s e n t e d  i n  e le v e n  p a r t s  and  th e  f i r s t  
f o u r  o f  t h e s e  a re  r e l a t e d  to  th e  R u t h e r f o r d  b a c k s c a t t e r in g  
(RBS) a n a l y s i s  t e c h n iq u e  w it h  th e  r e m a in in g  se v e n  
r e l a t e d  to  th e  com p lem en ta ry  t e c h n iq u e s .
The f i r s t  p a r t  d e a l s  w it h  th e  f a t e  o f  th e  im p la n te d  
o x yg e n  io n s  f o r  v a r i o u s  im p la n t a t io n  d o se s  and  e n e r g i e s ) 
th e  se c o n d  p a r t  i s  c o n c e rn e d  w it h  th e  n a tu re  o f  th e  o x id e s  
p ro d u c e d . R a d ia t io n  dam age, p ro d u c e d  d u r in g  im p la n t a t io n ,  
i s  r e p o r t e d  i n  th e  t h i r d  p a r t .  P r o p e r t ie s  o f  th e  im p la n te d  
l a y e r - s i l i c o n  s u b s t r a t e  i n t e r f a c e ,  b o th  a s  im p la n te d  and 
a n n e a le d ,  a re  o u t l i n e d  i n  th e  n e x t  p a r t .  The f i f t h  s e c t i o n  
i s  d e d ic a t e d  to  th e  s u r f a c e  s t r u c t u r e  o f  th e  im p la n te d  l a y e r .  
The o p t i c a l  p r o p e r t i e s  and  th e  i n f r a  r e d  ( IR )  s p e c t r o s c o p y  
r e s u l t s  a re  p r e s e n t e d  i n  th e  s i x t h  and s e v e n th  p a r t s  
r e s p e c t i v e l y .  The f i n a l  f o u r  s e c t i o n s  d e s c r ib e  th e  r e s u l t s  
f o r  th e  C -V  m e a su re m e n ts, e l l i p s o m e t r y , e t c h  r a t e  and o t h e r  
e l e c t r i c a l  m e th o d s .
V . 1. D i s t r i b u t i o n  and C o n c e n t r a t io n  o f  t h e  Im p la n te d  O xygen  
Io n s
V .1 . 1. O xygen  P r o f i l e s
The im p la n te d  o x y g e n  p r o f i l e s  o b t a in e d  u s i n g  th e  m ethod 
o u t l i n e d  i n  s e c t i o n  I V . 1 . 2 . ,  a re  show n i n  f i g u r e s  V . l  t o  V . 4 ,  
f o r  th e  im p la n t  e n e r g ie s  o f  40 , 60, 80 and 120 keV ,
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r e s p e c t i v e l y .  The p r o f i l e s  w ere l i n e d  up a t  th e  c h a n n e l 
number w h ic h  i s  c a l c u la t e d  to  c o r r e s p o n d  to  th e  e n e rg y  
o f  th e  b a c k s c a t t e r e d  h e l iu m  p a r t i c l e s -  w h ich  have  c o l l i d e d  
w it h  th e  o x yg e n  atom s a t  th e  s u r f a c e .  T h is  c h a n n e l num ber 
w as c a l c u l a t e d  from  th e  known e n e rg y  p e r  c h a n n e l,  ( s e c t io n
I I I . 5 . 2 ) ;  b a c k s c a t t e r e d  e n e r g ie s  from  th e  o x y g e n  and s i l i c o n  
atom s a t  th e  s u r f a c e  and  th e  c h a n n e l num ber o f  th e  le a d in g  
edge c o r r e s p o n d in g  t o  th e  s i l i c o n  a t  th e  s u r f a c e .
The a b s c i s s a e  o f  th e  o x yg e n  p r o f i l e s ,  f i g u r e s  V . 1 to
V .5  r e p r e s e n t s  b o th  an a r b i t r a r y  c h a n n e l num ber and a n o t i o n a l  
d e p th  s c a l e .  The d e p th  s c a le  was b o th  c a l c u la t e d  and 
m ea su red , a p p ly in g  e q u a t io n  1 1 .1 2 .  The t h e o r e t i c a l  
c a l c u l a t i o n s  f o r  th e  b a c k s c a t t e r in g  e n e rg y  l o s s  f a c t o r ,  ( S j , 
( s e c t i o n  I I . 2 . 3 ) ,  a re  g iv e n  i n  a p p e n d ix  2. The e n e rg y  
l o s s  f a c t o r  was a l s o  m ea su red  e x p e r im e n t a l ly ,  u s in g  a 
t h e r m a l ly  g row n  s i l i c o n  d io x id e  o f  known t h i c k n e s s .  The 
e n e rg y  l o s s ,  ( A E ) , w as m easu red  u s in g  th e  R u t h e r f o r d  
b a c k s c a t t e r in g  t e c h n iq u e  and  th e  t h ic k n e s s  was e v a lu a t e d  
u s in g  an e l l i p s o m e t e r , ( s e c t i o n  I I I . 8 ) .  I n  t a b le  V . l .  th e  
r e s u l t s  o f  b o th  th e  t h e o r e t i c a l  c a l c u l a t i o n s  (a p p e n d ix  2 ) 
and th e  e x p e r im e n t a l ly  d e te rm in e d  v a lu e s  o f  th e  e n e rg y  l o s s  
f a c t o r ,  f o r  v a r i o u s  t h i c k n e s s  o f  o x id e s ,  a re  p re s e n te d .
I t  was o b se r v e d  t h a t  th e  e n e rg y  l o s s  f a c t o r  i s  o n ly  a weak 
f u n c t io n  o f  th e  o x id e  t h i c k n e s s ,  so  an a v e ra g e  v a lu e  may 
be a p p l ie d  t o  o x id e s  o f  any  t h i c k n e s s ,  w it h o u t  any  
s i g n i f i c a n t  l o s s  o f  a c c u ra c y .  From  th e  m ea su red  e n e rg y  p e r  
c h a n n e l,  ( s e c t io n  I I I . 5 ) ,  th e  e n e rg y  s c a l e ,  i n  c h a n n e l 
num bers was c o n v e r te d  t o  th e  d e p th  s c a l e .
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Figure V . l .  The oxygen peak from the backscattering spectrum, (with
the s i l ic o n  y ie ld  substracted) for various implanted
oxygen ion dose, of 40 keV room temperature implants.
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OXIDE
THICKNESS
[ S ]
ENERGY LOSS FACTOR [ S ,  eV /X  ]
THEORY 
(APPENDIX 2)
EXPERIMENTAL 
(SECTION I I . 2 . 3 . )
1000 5 5 . 5 4 9 . 0
2000 5 5 . 3 4 8 . 3
4000 — 4 6 . 7  1
4800 — 4 7 . 4
MEAN 55 .4 4 7 . 8
T a b l e  V . l .  Summary o f  e n e r g y  l o s s  f a c t o r  v a l u e s  
f o r  v a r i o u s  o x i d e  t h i c k n e s s e s ,  
c a l c u l a t e d  a n d  m e a s u r e d .
As t h e  i m p l a n t e d  d o s e  i s  i n c r e a s e d ,  t h e  o x y g e n  y i e l d  
( p r o f i l e  h e i g h t )  i n c r e a s e s  a s  shown i n  f i g u r e s  V . l  t o  V . 4 .  
S a t u r a t i o n  o f  t h e  o x y g e n  y i e l d  i s  r e a c h e d  a t  d o s e s  o f  
7 . 5  x 1 0 1 7 , 8 . 5  x 1 0 1 7 , 1 . 2  x 1 0 18 a n d  1 . 3 5  x  1 0 18 i o n s  cm , 
f o r  t h e  4 0 ,  6 0 ,  80 a n d  120 keV i m p l a n t s  r e s p e c t i v e l y .  The  
p r o f i l e s  a l s o  b r o a d e n  w i t h  i n c r e a s i n g  d o s e ,  u p  t o  a  c e r t a i n  
maximum w i d t h ,  b u t  t h e n  a f t e r  a  p a r t i c u l a r  c r i t i c a l  d o s e  t h e y  
s t a r t  t o  n a r r o w .  T h e r e f o r e  f o r  a n y  f u r t h e r  i n c r e a s e  i n  
t h e  i m p l a n t e d  d o s e  b e y o n d  c r i t i c a l  v a l u e ,  t h e  i m p l a n t e d  
l a y e r  b e c o m e s  t h i n n e r .  The  c r i t i c a l  d o s e s  a r e ,  a p p r o x i m a t e l y ,  
1.1 x  1 0 1 8 , 1 . 7  x 1 0 1 8 , 2 . 0  x 1 0 18 a n d  2 . 6  x  1 0 18 i o n s  cm 
f o r  t h e  4 0 ,  6 0 ,  80 a n d  120 keV i m p l a n t s  r e s p e c t i v e l y .
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The  o x y g e n  p r o f i l e s  f o r  t h e  f o u r  e n e r g i e s ,  a t  s e l e c t e d
d o s e s ,  a r e  p r e s e n t e d  on  a  common s c a l e  i n  f i g u r e  V . 5 .  The
p a r t i c u l a r  d o s e s  s e l e c t e d  w e r e  t h o s e  w h i c h  f i r s t  a t t a i n e d
s a t u r a t i o n  a t  t h e  a p p r o p r i a t e  e n e r g y .  A l s o  s h o w n ,  by  s o l i d
l i n e s ,  a r e  t h e  p r o f i l e s  o b t a i n e d  f r o m  t h e  c o m p u t e r  p r o g ra m m e
b y  Z i e g l e r  e t  a l , . The  a p p r o p r i a t e  d a t a  f o r  a  g i v e n
d o s e  a n d  e n e r g y  w as  f e d  i n t o  t h e  c o m p u t e r  p r o g r a m m e ,  a n d  t h e
c u r v e s ,  show n i n  f i g u r e  V . 5 ,  w e r e  o b t a i n e d .  The t h e o r e t i c a l  
(55)p r o 3e c t e d  r a n g e  a n d  t h e  d e p t h  a t  w h i c h  t h e  maximum
y i e l d  o c c u r s  a r e  a l s o  m a r k e d  on t h i s  f i g u r e .
From t h e  c u r v e s  i n  f i g u r e  V . 5 .  i t  was  o b s e r v e d  t h a t  
o x y g e n  s a t u r a t i o n  o c c u r s  a t  much s h a l l o w e r  d e p t h  t h a n  t h a t  
t h e o r e t i c a l l y  p r e d i c t e d .  I n  t h e  c a s e  o f  t h e  l o w e r  e n e r g i e s  
( 4 0 ,  60 a n d  80 k e V ) , t h e  s u r f a c e  y i e l d  i s  h i g h e r ,  t h a n  t h e  
c a l c u l a t e d  s u r f a c e  c o n c e n t r a t i o n ,  by  a p p r o x i m a t e l y  an  
o r d e r  o f  m a g n i t u d e ,  w h e r e a s  f o r  t h e  120 keV i m p l a n t s ,  
t h e  s u r f a c e  y i e l d  i s  n e g l i g i b l e ,  i . e .  z e r o  w i t h i n  t h e  l i m i t s  
o f  d e t e c t i o n .  T h e r e f o r e  i t  c a n  b e  c o n c l u d e d  t h a t  f o r  t h e  h i g h  
e n e r g y  i m p l a n t s  t h e  p r o f i l e s  a r e  b u r i e d  a t  a  c e r t a i n  d e p t h  
f r o m  t h e  s u r f a c e .  I t  was  a l s o  o b s e r v e d  t h a t  t h e  w i d t h  o f  t h e  
f l a t  t o p p e d  p r o f i l e  i s  much g r e a t e r  t h a n  t h a t  p r e d i c t e d  by  t h e  
c o m p u t e r  p r o g r a m m e  . From t h i s  i s  was  d e d u c e d  t h a t  t h e  
o x i d e  g ro w n  i s  much t h i c k e r  t h a n  t h e  c a l c u l a t e d  v a l u e .
V . 1 . 2 .  A r e a  U n d e r  t h e  O xygen  P r o f i l e
The a r e a  u n d e r  t h e  o x y g e n  p r o f i l e  i s  p r e s e n t e d  a s  
f u n c t i o n  o f  t h e  i m p l a n t e d  d o s e ,  i n  f i g u r e  V . 6 ,  f o r  
4 0 ,  6 0 ,  80 a n d  120 keV i m p l a n t s .  The a m o u n t  o f  o x y g e n  
i n  t h e  i m p l a n t e d  l a y e r  i n c r e a s e s  w i t h  t h e  i n c r e a s e  i n
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( 6 4 0 0 ) ( 4 8 0 0 ) ( 3 2 0 0 ) ( 1 6 0 0 ) (0)
( 1 ) -------------- -  4 0 k e V
xfr
CO X
l n 2 3 :
1 0  i o n s
- 3
c m
( 2 ) __________ 6 0 k e V 8 . 9 X
2 3  .
1 0  i o n s
- 3
c m
( 3 )  ................... 8 0 k e V 8 . 0 X m 2 3 ’1 0  i o n s
- 3
c m
( 4 ) 1 2 0 k e V 7 . 0 X
2 3
1 0  i o n s
- 3
c m
C h a n n e l  n u m b e r  ( r e l a t i v e  
t o  o x y g e n  e d g e )  ( D e p t h
f t  f o r  a n  S i 0 2  l a y e r )
F i g u r e  V - 5 . T h e  o x y g e n  p e a k  f r o m  t h e  b a c k s c a t t e r i n g  s p e c t r u m ,  c o m p a r e d  
w i t h  t h e  < ^ g y y e s p o n d i n g  p r o f i l e s  o b t a i n e d  f r o m  t h e  c o m p u t e r
p r o g r a m m e
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t h e  i m p l a n t e d  d o s e .  The  t o t a l  a r e a  r e a c h e s  a  s a t u r a t i o n  
v a l u e ,  b e y o n d  w h i c h  i t  d e c r e a s e s  w i t h  f u r t h e r  i n c r e a s e  i n  
t h e  i m p l a n t e d  d o s e )  t h i s  s a t u r a t i o n  o c c u r s  a t  d o s e s  o f
1 . 2 5  x 1 0 1 8 , 1 . 6 5  x  1 0 1 8 , 1 . 7 5  x 1 0 18 a n d  2 . 2  x  1 0 18 i o n s  c m " ' , 
f o r  t h e  4 0 ,  6 0 ,  80 a n d  120 keV i m p l a n t s  r e s p e c t i v e l y .
A l s o  f o r  a n y  i n c r e a s e  i n  t h e  i m p l a n t e d  d o s e  b e y o n d  s a t u r a t i o n ,
b y  m ore  t h a n  7 ,  8 ,  10 a n d  15 p e r  c e n t ,  r e s u l t s  i n  d e c r e a s e
o f  t h e  a r e a  u n d e r  t h e  o x y g e n  p r o f i l e .
The  u n c e r t a i n t y  b a r s  o n  t h e s e  g r a p h s  w e r e  c a l c u l a t e d
f r o m  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  mean v a l u e  o f  t h e  d a t a ,  
c o l l e c t e d  f o r  t h a t  d o s e ,  f r o m  4 t o  6 s e p a r a t e  b a c k s c a t t e r i n g  
s p e c t r a .  A l l o w a n c e  w as  a l s o  made  f o r  a n y  v a r i a t i o n s  i n  t h e  
e n e r g y  p e r  c h a n n e l  by  m e a s u r i n g  i t  u s i n g  a  g o l d  on  s i l i c o n  
s t a n d a r d .  T h i s  p r o c e d u r e  was  a d h e r e d  t o  i n  a l l  t h e  
f o l l o w i n g  g r a p h s .
V . 1 . 3 .  O xygen  C o n c e n t r a t i o n  i n  t h e  I m p l a n t e d  L a y e r
The  s p e c t r a  o b t a i n e d  f r o m  ro o m  t e m p e r a t u r e ,  40 keV ,
i m p l a n t s  a r e  p r e s e n t e d  i n  f i g u r e  V . 7 ,  f o r  v a r i o u s  d o s e s ,
16 18 - 2(5 x 10 t o  2 . 5  x 10 i o n s  cm ) .  S i m i l a r  s p e c t r a  w e r e
o b t a i n e d  f o r  t h e  6 0 ,  80 a n d  120 keV i m p l a n t s ,  b u t  t h e y  a r e
n o t  i n c l u d e d  i n  o r d e r  t o  a v o i d  r e p e t i t i o n .  The  s p e c t r a
w e r e  a l i g n e d  w i t h  t h e  h a l f - m a x i m u m  p o i n t  o f  t h e  l e a d i n g  e d g e ,
w h i c h  d e f i n e d  t h e  s i l i c o n  s u r f a c e .  I t  was  o b s e r v e d ,  t h a t
a s  t h e  i m p l a n t e d  o x y g e n  d o s e  i s  i n c r e a s e d ,  t h e  s i l i c o n  y i e l d
i n  t h e  i m p l a n t e d  s u r f a c e  l a y e r  d e c r e a s e s .  The
r e c e s s  i n  t h e  s i l i c o n  y i e l d  i s  i n d i c a t i v e  o f  t h e  d e p t h  a t
w h i c h  t h e  o x y g e n  p e a k  o c c u r s .  I n  t h e  c a s e  o f  i m p l a n t  d o s e s
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C h a n n e l  n u m b e r  ( r e l a t i v e  t o  s i l i c o n
e d g e )
F i g u r e  V .  7  B a c k s c a t t e r i n g  s p e c t r a  i n  t h e  r e g i o n  o f  s i l i c o n  e d g e
( o r i e n t e d  f o r  r a n d o m )  f o r  v a r i o u s  i m p l a n t e d  o x y g e n  i o n  
d o s e s  a t  4 0  k e V  ( r o o m  t e m p e r a t u r e  i m p l a n t s ) .
( 1 ) . . . . 2 . 5 X 40
1 0 1 8
i o n s
- 2
c m
( 2 ) X X X 1 . 5 X i o n s c m - 2
( 3 ) 0 0 © 7 . 5 X 1 0 1 7 i o n s - 2  c m  ^
( 4 ) 0 0 0 5 X 1 0 1 7 i o n s c m "  ^
( 5 ) + + + 2 . 5 X 1 0 1 2 i o n s c m "  2
( 6 ) R R R 5 X 1 0 1 6 i o n s c m - 7
( 7 ) A A A Z e r o  d o s e
17 - 2g r e a t e r  t h a n  t h e  s a t u r a t i o n  d o s e ,  e . g .  9 x  10 i o n s  cm
f o r  t h e  40 keV i m p l a n t s  t h e  p r o f i l e  n e a r  t h e  s u r f a c e  b e c o m e s
f l a t .
T h e s e  s p e c t r a  a l s o  show t h a t  t h e  b a c k g r o u n d  y i e l d  
b e l o w  t h e  i m p l a n t e d  l a y e r  v a r i e s  c o n s i d e r a b l y .  T h i s  
may b e  a t t r i b u t e d  t o  t h e  u n c e r t a i n t i e s  i n  t h e  a n a l y s i n g  
He beam  d o s e  b u t  p o s s i b l y  a t r u l y  r a n d o m  o r i e n t a t i o n  may n o t  
h a v e  b e e n  o b t a i n e d  i n  e v e r y  c a s e .  The d e v i a t i o n  i n  t h e  
y i e l d  a b o u t  t h e  m ean  i s  l e s s  t h a n  ± 10%, w h i c h  i s  w i t h i n  
t h e  r e s o l u t i o n  l i m i t  o f  t h e  s y s t e m .
A r a n d o m  s p e c t r u m ,  o b t a i n e d  f r o m  a n  o x y g e n  i m p l a n t e d
s i l i c o n  s u b s t r a t e  i s  p r e s e n t e d  i n  f i g u r e  V . 8 ,  f o r  an
18 - 2o x y g e n  d o s e  o f  1 . 0  x 10 i o n s  cm a t  a n  e n e r g y  o f  40 keV.
I n  t h i s  f i g u r e  t h e  p a r a m e t e r s  u s e d  t o  c a l c u l a t e  t h e  
o x y g e n  c o n c e n t r a t i o n  i n  t h e  i m p l a n t e d  l a y e r ,  t o g e t h e r  
w i t h  t h e  p a r a m e t e r s  f o r  t h e  e q u a t i o n s  i n  s e c t i o n  I V . 1 . 4 ,  
a r e  d e f i n e d .
The  o x y g e n  t o  s i l i c o n  r a t i o  w h i c h  w as  c a l c u l a t e d  u s i n g
t h e  a r e a s  m e t h o d  a s  a  f u n c t i o n  o f  t h e  i m p l a n t e d  d o s e ,  i s
p r e s e n t e d  i n  f i g u r e  V . 9 ,  f o r  t h e  f o u r  r e s p e c t i v e  e n e r g i e s .
The  a r e a s  m e t h o d ,  ( s e c t i o n  I V . 1 . 4 ) ,  r e p r e s e n t s  t h e  a v e r a g e
o x y g e n  c o n c e n t r a t i o n  i n  t h e  i m p l a n t e d  l a y e r  r e l a t i v e  t o  t h e
a v e r a g e  s i l i c o n  c o n c e n t r a t i o n .  F rom t h i s  f i g u r e  i t  was
o b s e r v e d  t h a t  s i l i c o n  d i o x i d e  a s  d e f i n e d  b y  a n  o x y g e n  t o
18s i l i c o n  r a t i o  o f  t w o ,  i s  f o r m e d  a t  d o s e s  o f  1 . 0  x 10 ,
1 )5  x 1 0 1 8 , 1 . 9 5  x 1 0 18 a n d  2 . 9  x  1 0 18 i o n s  cm , f o r  t h e  
4 0 ,  6 0 ,  80 an d  120 keV i m p l a n t s  r e s p e c t i v e l y .  I t  m u s t  b e  
n o t e d  t h a t  t h e  r e s u l t s  o f  120 keV i m p l a n t s  a r e  s u b j e c t  t o  l a r g e  
u n c e r t a i n t i e s ,  d u e  t o  t h e  l a c k  o f  s e n s i t i v i t y
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I n  f i g u r e  V . 10 t h e  c u r v e s  f o r  t h e  two m e t h o d s  o f
c a l c u l a t i n g  t h e  o x y g e n  c o n c e n t r a t i o n  i n  t h e  i m p l a n t e d  l a y e r
a r e  c o m p a r e d  w i t h  t h e  t h e o r e t i c a l  c u r v e s  a s  c a l c u l a t e d  f r o m
I I . 1,  a s  f u n c t i o n  o f  t h e  i m p l a n t e d  o x y g e n  d o s e .  The
r e s u l t s  o f  o n l y  t h e  60 keV i m p l d n t s  a r e  shown h e r e ,  f o r
c l a r i t y ,  b u t  s i m i l a r  r e s u l t s  w e r e  o b t a i n e d  f r o  t h e  4 0 ,  80
a n d  120 keV i m p l a n t s .  F rom  f i g u r e  V .1 0  i t  c a n  b e  s e e n  t h a t
t h e  o x y g e n  t o  s i l i c o n  r a t i o ,  i n  t h e  c a s e  o f  t h e  h e i g h t s
m e t h o d ,  r e a c h e s  a  v a l u e  o f  tw o  a t  a  l o w e r  i m p l a n t e d  d o s e ,
18 - 2( 1 . 1 5  x 10 i o n s  cm ) ,  c o m p a r e d  w i t h  t h e  a r e a s  m e t h o d  
18 —2( . 1 5  x 10 i o n s  cm ) .  The  t h e o r e t i c a l  c u r v e  i n  t h i s
f i g u r e ,  was  o b t a i n e d  a s  o u t l i n e d  i n  s e c t i o n  I I .  1 ,  w i t h
s p u t t e r i n g  l o s s e s  i n c o r p o r a t e d  i n t o  t h e  c a l c u l a t i o n s .
T h i s  c u r v e  was  a s s u m e d  t o  s a t u r a t e  a t  t h e  o x y g e n  t o  s i l i c o n
r a t i o  o f  tw o  a n d  t h e  i m p l a n t  d o s e  r e q u i r e d  t o  p r o c u r e  t h i s
18 - 2c o n d i t i o n  was  c a l c u l a t e d  t o  b e  1 . 2  x 10 i o n s  cm a t  a n  
i m p l a n t  e n e r g y  o f  60 k e V .  A p p l y i n g  t h e  c o r r e c t  R u t h e r f o r d  
s c a t t e r i n g  c r o s s  s e c t i o n ,  b o t h  m e t h o d s  y i e l d  a n  o x y g e n  t o  
s i l i c o n  r a t i o  o f  t w o ,  f o r  a l l  d o s e s  l a r g e r  t h a n  t h e  r e s p e c t i v e  
s a t u r a t i o n  d o s e s .  U s i n g  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  a n d  
b o t h  t h e  e x p e r i m e n t a l ,  ( a r e a s  a n d  h e i g h t s ) ,  m e t h o d s  a 
summary o f  t h e  d o s e s  a t  w h i c h  an= >oxygen t o  s i l i c o n  r a t i o  
o f  tw o  i s  f i r s t  r e a c h e d  i s  g i v e n  i n  T a b l e  V.d^_ f o r  t h e  
f o u r  e n e r g i e s .
a s s o c i a t e d  w i t h  th e  h ig h  b a c k g ro u n d  s i l i c o n  y i e l d s .
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ENERGY
[ k e v ]
IMPLANTED DOSE REQUIRED TO 
FORM S i 0 2 J i o n s  cm J
THEORY (55)
EXPERIMENTAL
A r e a s  M e th o d H e i g h t s  M e th o d
40 9 . 0  x 1 0 17 10.0 x  1 0 17 9 . 0  x 1 0 17
60 1 2 . 5  x  1 0 17 1 5 . 0  x 1 0 17 11.0 x  1 0 17
80 1 5 . 5  x  1 0 17 20.0  x  1 0 17 1 2 . 5  x  1 0 17
120 21.0  x 1 0 17 3 0 . 0  x 1 0 17 1 3 . 5  x 1 0 17
T a b l e  V.fcL Summary o f  t h e  d o s e s  a t  w h i c h  s i l i c o n  
d i o x i d e  i s  f o r m e d ,  f o r  b o t h  t h e  
t h e o r e t i c a l ' 3 3 ' a n d  t h e  e x p e r i m e n t a l  
(RBS) r e s u l t s .
T a b l e  V . l .  show s  t h a t  t h e  h e i g h t s  m e t h o d  i s  i n  b e t t e r  
a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s ,  e s p e c i a l l y  a t  
l o w e r  e n e r g i e s .  T h i s  i s  n o t  s u r p r i s i n g  a s  b o t h  o f  t h e s e  m e t h o d s
y i e l d  t h e  p e a k  c o n c e n t r a t i o n  r a t h e r  t h a n  t h e  a v e r a g e
c o n c e n t r a t i o n ,  a s  i n  t h e  c a s e  o f  t h e  a r e a s  m e t h o d .
V . 2 .  I m p l a n t e d  L a y e r  T h i c k n e s s
From f i g u r e s  V . l .  t o  V . 4 .  t h e  w i d t h  (FWHM) o f  t h e  o x y g e n  
p r o f i l e s  w as  o b t a i n e d .  T he  w i d t h  o f  t h e s e  p r o f i l e s ,  w h i c h  i s  
t h e  i m p l a n t e d  l a y e r  t h i c k n e s s ,  w as  t h e n  p l o t t e d  a s  a  f u n c t i o n  
o f  t h e  i m p l a n t e d  d o s e .  The  r e s u l t i n g  c u r v e s  a r e  s i m i l a r  t o  
t h o s e  f o r  t h e  a r e a  u n d e r  t h e  o x y g e n  p r o f i l e ,  t h e r e f o r e  i n  o r d e r
t o  a v o i d  r e p e t i t i o n  t h e y  a r e  n o t  p r e s e n t e d .  I t  w a s  f o u n d  t h a t ,
beyond t h e  s a t u r a t i o n  dose t h e  im p la n t e d  l a y e r  t h ic k n e s s
-  83 -
I n  t h e  c a s e  o f  d o s e s  l e s s  t h a n  t h e  s a t u r a t i o n  d o s e  t h e  
p r o f i l e  w i d t h  i n c r e a s e d  w i t h  i n c r e a s i n g  d o s e ,  a l t h o u g h  no  
s i m p l e  r e l a t i o n s h i p  s e e m e d  t o  e x i s t .  The  p r o f i l e  w i d t h  
s a t u r a t i o n  d o s e s  w e r e  f o u n d  t o  b e ,  1 . 1  x  1 0 1 8 , 1 . 7  x  1 0 1 8 , 
2 . 0  x 1 0 18 a n d  2 . 5  x 1 0 18 i o n s  cm f o r  t h e  4 0 ,  6 0 ,  80 a n d  
120 keV i m p l a n t s ,  r e s p e c t i v e l y .  The  s a t u r a t i o n  d o s e  
v a l u e s  w e r e  i n  goo d  a g r e e m e n t  w i t h  t h e  o x y g e n  d o s e  
n e c e s s a r y  t o  f o r m  a  u n i f o r m l y  i m p l a n t e d  l a y e r .
I n  t a b l e  V.2b a r e  l i s t e d  t h e  o x y g e n  p r o f i l e  w i d t h s  f o r  
t h e  f o u r  i m p l a n t  e n e r g i e s ,  a t  t h r e e  n o m i n a l  i m p l a n t a t i o n  
d o s e s ,  c a l c u l a t e d  t o  g i v e  t h e  same p e a k  c o n c e n t r a t i o n  f o r  
e a c h  e n e r g y .  T h i s  s h o w s  t h a t  t h e  o x i d e  t h i c k n e s s  i s  a  
f u n c t i o n  o f  b o t h  t h e  i m p l a n t  e n e r g y  a n d  i m p l a n t e d  o x y g e n  
d o s e .
s t a r t e d  t o  d e c r e a s e  w i t h  t h e  i n c r e a s e  i n  im p la n t e d  d o s e .
PEAK OXYGEN 
CONCENTRATION
JjLons cm J
OXYGEN PROFILE WIDTH 
(FWHM) [ & ]
IMPLANT ENERGIES [ k e v ]
40 60 80 120
0.81  x 1 0 23 1350 2160 2820 4350
COCNorHXCOop—i 1540 2460 3200 4500
1 . 3 9  x 1 0 23 1600 2720 3580 4500
T a b l e  V . 2 b .  Summary o f  t h e  o x y g e n  p r o f i l e  
w i d t h  (FWHM) f o r  t h e  f o u r  
i m p l a n t  e n e r g i e s  a t  t h r e e  n o m i n a l  
p e a k  c o n c e n t r a t i o n  d o s e s .
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As explained in the text (section IV.1.3.) RBS 
analysis technique in the channeling mode has been used to 
estimate the degree of crystallinity of the implanted silicon.
Figure V.ll presents typical channeled mode spectra, obtained
1 fi lft „ 2for various doses, (5 x 10 to 2.5 x 10 ions cm at
40 keV), of oxygen implanted silicon. It is observed
that at a certain depth near the surface there is a
recess in the silicon yield. The magnitude of this recess
increases with increasing oxygen dose,* and its shape is a
reciprocal of the oxygen profile. The silicon surface yield
also decreases with increasing implanted oxygen dose. This
silicon yield reaches a minimum at a saturation dose, beyond
which it changes insignificantly with any further increase in
the implanted dose. It is also observed that the height
of the interface disorder peak initially increases, with
the increase in the implanted dose and attains the maximum
17 - 2value at a dose of 7.5 x 10 ions cm at 40 keV. This 
interface disorder peak then decreases with any further 
increase in the implanted dose.
The random and the channeled mode spectra of oxygen
18 - 2implanted silicon, at a dose of 1 x 10 ions cm at 40 
keV are shown in figure V.12. Presented also are, the 
channeled and the random spectra of "unimp1anted" silicon.
In this figure are also defined the parameters used in
section IV.1.4. namely X . and disorder.-2 mm
V .3. Radiation Damage (Channeling)
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Figure V. 11
70 60 50 40 30 20 10 0 10
(1) .  .  . 2.5
(2) X X X 1.5
(3) 000 7.5
(4) 000 5
(5) AAA 2.5
(6) RRR 5
(7) AAA zero
(8) 888 zero
Channel number ( r e la t iv e  to s i l i c o r  
edge)
Backscattering Spectra in the region of the s i l ic o n  edge
(orien ted  fo r channelling) for various implanted oxygen
ion doses a t  40 keV (room temperature im plants).
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The parameter X . , as defined in section IV.1.4 as ac min
function of the implanted dose, are shown in figure V.13,
for the 40, 60 and 80 keV implants only, insufficient
channeling spectra were obtained for the 120 keV implants
for them to be shown. This parameter represents the effects
of both the dechanneled particles backscattered from the
lattice site atoms and also the channeled particles
backscattered from the displaced atoms. The X initially
increases with an increase in the implanted dose as shown
for 40 keV implants and then it reaches a saturation value
16 -2at a dose of 5 x 10 ions cm . After a further increase,
of approximately an order of magnitude in the implanted
17 —2oxygen dose at approximately  ^ 4 x 10 ions cm , the value
of xmin starts to increase at a much higher rate than in the
17first cycle. At approximately twice the dose (- 9 x 10 
_  2
ions cm ) of the onset of this increase the magnitude X .J m m
starts to decrease at approximately the same rate. The
maximum X occurs at progressively higher implanted doses
with the higher implant energies, as shown in figure V.13.
17This maximum value of X . occurs at doses of 7.5 x 10m m
(X . of 56%), 1.2 x 1018 (X . of 62%) and 1.6 x 1018 ions m m  m m
_  2
cm 88%i) for the 40 , 60 and 80 keV implants
respectively.
V.3.1. Degree of Disorder of the Implanted Layer
The disorder in the implanted layer was estimated using
(7 3)the method suggested by Picraux , as explained in section
IV.1.4. and as shown in figure V.12. The disorder was 
plotted as a function of the implanted dose and the
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are only for the 40, 60 and 80 keV implants, as insufficient
number of points were obtained to procure a trend
for the 120 keV implants. From this figure it can be
seen that in the case .of the 40 keV implants the disorder
16 -2increases linearly up to a dose of approximately 10 ions cm
and the magnitude of disorder saturates at this value for any
further increase in the implanted dose. At a critical dose of
17 - 2approximately 4 x 10 ions cm the onset of decrease in 
the disorder occurs beyond which it decreases with any 
further increase in the implanted dose. The onset of the
decrease in the disorder in the implanted layer and at the
17 17interface occurs at doses of 4 x 10 , 5.2 x 10 and
17 —25.0 x 10 ions cm for the 40, 60 and 80 keV implants 
respectively.
V.4. Properties of the Implanted Layer - Silicon Substrate 
Interface
V.4.1. Interface Disorder
The interface disorder is presented in figure V.15, as 
a function of the implanted dose for the three energies of 
40, 60 and 80 keV. The interface disorder area was 
calculated by integrating the yield under the interface peak as 
described in section IV.1.4, up to the estimated implanted 
layer - silicon interface. The background was drawn in by 
extrapolating the lower energy silicon yield as shown in the 
caption to figure V.15. The disorder at the interface 
initially remains constant, then decreases with an increase 
in the implanted dose for doses greater than the critical dose.
resulting curves are shown in figure V.14. The curves shown
-  90 -
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This trend is also consistent with the 60 and 80 keV implants. 
No information could be deduced in the case of the 120 keV 
implants, due to insufficient number of channeling spectra
obtained. The onset of reduction in the interface disorder
17 17 17area takes place at doses of 6 x 10 , 5 x 10 and 8 x 10
_ 2
ions cm for the 40, 60 and 80 keV implants respectively. 
Figure V.15 shows that for the lower energy implants the 
reduction in the interface disorder area is the largest, 
and the total reduction in the interface disorder is 70%, 60%
and 44%, for the 40, 60 and 80 keV implants respectively,
18 ~ 2at a dose of 3 x 10 ions cm
V.4.2. Annealing Behaviour of the Disorder at the Interface
The annealed samples as described in section III.4, 
were also analysed using the RBS channeling mode. The 
disorder area at the interface which is the most sensitive 
parameter was plotted as a function of the anneal temperature. 
Four separate experiments were performed.
18(i) Separate samples of the same dose of 1.35 x 10 
_ 2
ions cm and implanted at an energy of 40 keV were 
annealed to different temperatures.
(ii) A single sample was annealed at successively
increasing temperatures, implanted with a dose of
18 — 21.22 x 10 ions cm and an energy of 40 keV.
(iii) Similar annealing treatment as (ii) but of
18 —different implant conditions of 1.8 x 10 ions cm 
at an energy of 60 keV.
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(iv) Annealing the sample in oxygen ambient, implanted
18 - 2with a dose of 1 x 10 ions cm at an energy of 
40 keV, at progressively increasing temperatures.
The first three sets of samples were annealed in a dry 
nitrogen ambient, whereas in the fourth case the sample 
was annealed in an oxygen ambient. The annealing behaviour of 
all the four sets of samples was plotted to establish 
possible trends. In figure V.16 is shown the normalized 
interface disorder area as a function of the anneal 
temperature. It can be noted from this figure that in all 
cases the disorder is initially unaffected by the annealing 
treatment. In the case of the anneal temperatures greater 
than 600°C the disorder starts to decrease. At anneal 
temperatures higher than 1000°C there is very little decrease 
in the disorder area magnitude for all the nitrogen ambient 
anneals, however for the oxygen anneals the decrease 
continues. The measured disordered area was reduced by 60%, 
45%, 55% and 80%, relative to the unannealed value, at an 
anneal temperature of 1100°C for 30 minutes for the conditions
(i), (ii), (iii) and (iv) above, respectively.
The yield from the oxygen profile and from the saturated 
oxygen implanted surface layer was unaffected by the 
annealing treatment. There is a slight discrepancy in the 
annealing characteristics of the various samples, possibly 
due to the different implant conditions. The non­
annealed temperature was taken to be 100°C, as this was the 
estimated mean temperature of the samples during implantation
10
0
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V.4.3. Interface after: Etching the Surface Layer
The implanted layer-silicon substrate interface was 
investigated after etching the implanted surface layer. The 
surface layer was removed using a P-etch solution;
this also presented an opportunity to measure the layer 
thickness using the "Talystep" step height technique. The 
interface i.e. etched surface was analysed using both the 
scanning electron microscope (SEM) and Rutherford back- 
scattering channeling mode analyses techniques, for various 
implant doses and anneal temperatures.
In figure V.17 are presented the electron channeling
patterns (ECP)^102  ^ obtained from the unimplanted silicon
and the etched surfaces, where ever possible. In table
V.3 (i) is listed a summary of the parameters associated
with the photographs in figures V.17 to V.20. An ECP
pattern of a single crystal (unimplanted) silicon is shown
in photograph (a), photograph (b) shows the ECP pattern
obtained from an etched surface, that previously had a thermally
grown silicon dioxide on it. By comparing photographs
(a) and (b) it can be observed that the underlying silicon
in the case of thermally grown oxides is indistinguishable
from the single crystal silicon. Photograph (c) is that of
17 -2a sample implanted with 9.5 x 10 ions cm at 40 keV. As
can be seen this etched surface gives a channeling pattern
similar to single crystal silicon.
It was found that sample implanted with a dose of
18 —21.35 x 10 ions cm (40 keV) also gave a good channeling
- 95 -
at the appropriate beam current densities.
Fig. V 17
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pattern, as shown in photograph (d). This sample had been
annealed at a temperature of 900°C prior to etching.
Photograph (e) is a very faint channeling pattern of a sample
implanted to the same dose as (d) but annealed at 600°C.
17Another sample implanted with a dose of 8.5 x 10 also gave
a very faint ECP, as shown in photograph (f). Similarly
18 18 samples implanted with doses of 2.5 x 10 and 1 x 10
— 2
ions cm did not produce any form of channeling patterns.
In figure V.18 are shown the scanning electron micro­
graphs obtained from the etched surfaces. Photograph (a) 
shows the surface of silicon that previously had thermally 
grown silicon dioxide on it and no surface topography is
apparent. A sample that had been implanted with a dose of 
18 —22.5 x 10 ions cm (40 keV) , was partially etched
and analysed and the resulting micrograph is shown in
18 —2photograph (b). Another high dose of 1.8 x 10 ions cm
at 60 keV, implanted sample was photographed and the results
are shown in (c). In this case it was observed that there
is a lot more topographical detail present on the surface,
and similar results to (c) were obtained for 40 keV implant
17 -2at dose of 9.5 x 10 ions cm , as shown in (d). Presented
in photographs (e) and -(f) are what are supposed to be the
15etched surfaces of two low dose samples of 7.5 x 10 and
16 -22.5 x 10 ions cm at 40 keV. There is apparently a
lot of topographical detail present but at such low doses there 
should not be etching of the surface therefore these two 
micrographs are probably of the sample surface rather than the 
interface.
■- 98 -
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V.5.1. Crystallinity of the Implanted Layer
Electron channeling patterns (ECP), generated using a
JEOL lOOcx scanning electron microscope available in the
Structural Studies Unit, are shown in figure V.19.
Photographs (a) and (b) are of the patterns obtained from
the surface of a single crystal <100> silicon, that had
received the same cleaning treatment as the implanted
samples. The difference in the two photographs is that, a
different "rocking angle" was used in the analyses 5° and
20° respectively. In (c), taken at a rocking angle of 30° is
15shown a very good ECP obtained from a low dose of 1 x 10 ions 
— 2
cm at 40 keV sample and similarly (d), (e) and (f) show the
1 5ECP obtained from progressively increasing dose, 2.5 x 10 ,
15 16 - 27.5 x 10 and 2.5 x 10 ions cm respectively, all
implanted at 40 keV and taken at a rocking angle of 5°. No ECP
were possible for the samples implanted with a dose of 5 x 1018 
_  2
ions cm at. 40 keV, or for any doses greater than this.
In figure V.20 are presented scanning electron micro­
graphs of the surface of a set of implanted samples. It can
5be seen that even at a magnification of 10 there is very 
little surface topography present for any of the samples. 
However, for some samples there were signs of clusters being 
formed on the surface which could be due to preferential 
sputtering of the host material.
In table V.3 is presented a summary of the implant 
details relevant to the photographs presented in figures 
V.17 to V.20. Also given are the rocking angle (ECP) and
V .5. Surface Structure of the Implanted Layers
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Table V.3. Summary of the implant details relevant to 
the photographs presented in figures 
V.17(i) to V.20 in a chronological order.
( i )
(ii)
(iii)
(iv)
PHOTOGRAPH
NUMBER DOSE
IMPLANT 
Cions cm 3 IMPLANTENERGY
[keVl
ROCKING
ANGLE/
MAGNIF­
ICATION
a ZERO 5°
b Thermal Oxide — — 5°
c 9. 5 X 1018 40 5°d 1. 35 X 10!a 40 5°e 1. 35 X i ° E 40 5°
f 8. 5 X 10 8 40 5°
a Thermal Oxide 2.105
b 2. 5 X io|8 40 103
c 1. 8 X ioj8 60 10 Ad 9 .5 X 1015 40 4 . IQe 7. 5 X 10L 40 10 Af 2. 5 X 1016 40 5,10
a ZERO 5°
b ZERO , — 20°
c 1 X l ° t 40 30°d 2 .5 X i o L 40 5°
e 7. 5 X 10L 40 5°f 2. 5 X 1016 40 5°
a Thermal Oxide 510c
b 1 X 10t 40 108c 2 .5 X 1018 40 1 0ca 1. 5 X io[8 40 108
e 2 .5 X 1 ° L 40 108
f 8. 5 X 10 1 *7 1 40 108
g 9. 5 X 1 0 18 40 108h 1. 35 X 10 40 10
- 103 -
V.6. Optical Properties of the Implanted Layers
Figure V.21 shows colour photographs of the oxygen
implanted silicon surfaces, to demonstrate optically
that oxides were formed on the surface by oxygen ion
implantation. Combinations of oxygen dose and energy are
shown, and thus the oxide thicknesses. The number of
different colours show quite clearly that the oxide layers
of various thicknesses have been formed. The appropriate
thickness associated with each photograph was obtained from
(81)the colour chart . Annealing of these high dose implants
did not have a significant effect on the optical i.e. colour
properties of the oxides. In photograph (a) is shown a
18 —2sample implanted with a dose of 3 x 10 ions cm at an
energy of 120 keV. The oxide produced was in the region of
4200 S thick. Similarly, in photograph (b) a sample implanted
18 -2with a dose of 2.5 x 10 ions cm at 120 keV is shown and 
the oxide produced was approximately 4200 8. Although for both 
of these implants the ion beam was scanned there are still 
certain signs of non-uniformity i.e. different colours present.
Photographs (c) and (d) are of two samples implanted at an
18 1 8 energy of 80 keV, at oxygen doses of 2.5 x 10 and 3 x 10
ions cm , these oxides were estimated to be 2400 and 2700 8
thick respectively and they appear to be much more uniform.
In the case of these two samples the ion beam was deliberately
over-scanned therefore producing a more uniform
implanted layer. Two other samples implanted at the same
the magnification, as appropriate.
energy as (c) and (d), are presented in photographs (e) and
18 —2 18 —2 3 x 10 ions cm . 120 keV 2.5 x 10 ions cm keVt2o
(* 4200 X )(81) (* 4200 X)
FULLY SCANNED
18 -2 18 —2 2.5 x 10 ions cm . 80 keV 3 x 10 ions cm . 80 keV
(= 2400 X) (* 2700 X)
FULLY SCANNED
H i
1.7 x 10*8 ions cm 80 keV
(- 3300 X)
PARTIALLY SCANNED
i a i n 18 • - 21.8  x 10 ions cm
(= 1000 X)
60 keV 
NOT SCANNED
i o i n 18 • - 21 .2  x 10 ions cm
(= 700 X)
Figure V-21
(f), at doses of 1.7 x 1018 and 2 x IO18 ions cm . The 
oxides produced were approximately 3200 8 thick in the 
central region. The oxides produced .here are those by an 
under-scanned beam therefore producing poor lateral 
uniformity, which yields the non-uniform oxide thickness 
along the surface of the implanted silicon. Photographs 
of samples implanted with a defocussed beam were also taken
as shown in (g) and (h). These samples were implanted at
18 18  ^a dose of 1.8 x 10 and 1.2 x 10 ions cm"* at an implant
energy of 60 keV, producing mean oxide thicknesses of
approximately 1000 and 700 8, respectively. These two
photographs show how poor the uniformity of the defocussed
beam therefore the implant dose, if precautions are not
taken.
Low magnification (X 60 to 400) analyses were also 
performed on these oxides using an optical microscope.
It was observed from these analyses that, in certain cases 
star like cracks were present on the surface. These cracks 
appeared at various combinations of dose, energy and dose
rates. Therefore this effect is most likely to be related
\
to the surface condition of silicon prior to implantation.
No such features were observed on the surface of the thermally 
grown oxides.
V.7. Infra Red Spectroscopy 
Introduction
Infra red (IR) spectroscopy has been used to study the 
structural properties of the oxides formed by oxygen ion 
implantation into silicon. These oxides were then
- 105 -
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qualitatively and quantitatively compared with the thermally 
grown device quality oxides, using this technique. Other 
properties of the films such as the stoichiometry, density 
and the porosity were also investigated. The thickness 
of the oxides was also measured although this technique has 
to be used cautiously for the implantation grown oxides.
V.7.1. Thermally Grown Oxides
To calibrate the IR analysis apparatus and to determine 
the wavelength at which maximum absorption occurs for 
stoichiometric silicon dioxide thermally grown silicon 
oxides were used. In figure V.22 is presented a typical 
spectra obtained from three different thicknesses of thermally 
grown silicon dioxides. From these spectra the maximum 
absorption for each oxide thickness was obtained as shown 
in the inset to figure V.22. The maximum absorption (A) 
was then plotted as a function of the product of the oxide 
thickness and the concentration, (bxc). From this plot a 
straight line relationship was obtained:
A = A . t . c . V.la.
A = 1.385 x l0“4 .t V.lb.
where A is the absorption constant at that wavenumber.
In equation V.lb it was assumed that neither the oxide 
concentration nor the absorption constant changed from 
sample to sample as all the samples were thermally grown 
oxides. This equation was then used to estimate the thickness 
of the implantation grown oxides as a function of dose and 
energy.
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Wavenuniber (cm P)
Figure V, 22 In f ra  Red Spectra of Thermally grown s i l ic o n  dioxode 
(for various th ic k n e sse s ) , ( in se t  shows how maximum 
transm ittance is  defined).
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V.7.2. Infra Red Spectra Dependence on the Implanted Dose 
and Energy
The analyses of the samples implanted with different
ion doses, at a fixed energy, revealed that the IR
spectra depends strongly on the total implanted oxygen dose as
shown in figures V.23 to V.26. From figure V.24, for example,
17 —2it was observed that for the lowest dose i.e. 8 x 10 ions cm
at 60 keV the absorption band appears around the 1000 cm 3
region. As the implanted dose is progressively increased
the peak absorption of the IR spectra shifts towards a
higher wavenumber, i.e. shorter wavelength and the peak itself
1 8becomes sharper. After an oxygen ion dose of 1.5 x 10 
— 2ions cm the changes in the IR spectra become less
pronounced with any further increase in the ion dose.
18 -2A saturation dose of 1.77 x 10 ions cm is reached where 
no further detectable changes, in either the full-width at 
half-maximum (FWHM) of the peak or the position of the 
maximum absorption are observed. If the implanted dose is 
increased beyond the saturation dose the magnitude of the 
maximum decreases, indicating an apparent decrease in the 
oxide thickness. In the case of the high dose, as implanted 
samples, the spectrum shows a peak around the 1045-1050 cm 1 
region.
The IR results for all the four energies as function of 
the implanted dose followed identical trends as depicted in 
figures V.23 to V.26. Most of the data was obtained from the 
40 keV implants, therefore only the results for this energy 
will be described here. The absorption band which was initially 
very broad is in the region of 1000 cm 1 for the
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• G (ft 
■w
• H6c/)ceftG
E-+
(1)
(2)
(3)
(4)
- 5 X 1017 ions cm 2 (1030 cm "S
7.5 X 1017 ions cm 2(1045 cm 4)
IQ — 9 1
1 X 10 ions cm (1050 cm )
2.5 X 1018 ions cm 2 (1050 cm 4)
Figure V. 23 In fra  Red Spectra of oxygen implanted s i l ic o n  a t  an erergy 
of 40 keV, for various doses (as im planted). The 
wavenumber in brackets ind ica tes  the po s i t io n  of maximum 
ab so rp tio n .
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( 1 ) ---------- — 8 X 1017 ions -2cm (1025 cm 7)
( 2 ) ............ X 1013i.o13
ions -2cm (1030 “ is. cm )
( 3 ) ------— — 1.77 X ions cm (1045 cm )
(4) 2.5 X
COr—1O ions -2cm (1045 cm ^)
F i g u r e  V . 24 In f ra  Red Spectra of oxygen implanted s i l ic o n  a t an ernergy 
of 60 keV, for various doses (as implanted),
- Ill -
_9 _1 Wavenumber (cm 4)
(1 ) --------------------3 X 10 ions cm (970 cm )
(2)   1.2 X 10^ "8 ions cm 2 (1040 cm 4)
18 -2 -1(3)    1.7 X 10 ions cm (1045 cm )
(4)    2.5 X 1018 ions cm 2 (1045 cm 4)
Figure V .25 In fra  Red Spectra of oxygen implanted s i l ic o n  a t  an
energy of 80 keV, for various doses (as implanted)
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a)uart
4-1
4-1•HBrtrtrtrtH
(1) -----------------------  2 X io 17 ions -2cm (950 cm 5
(2) . ............................. 7.5 X io 17 ions -2cm (1035 cm 3)
(3) - --- --------1.8 X io 18 ions -2cm (1050 cm"1)
(4) ------------ 3 X io 18 ions -2cm (1050 cm""1)
Figure V .26 In f ra  Red Spectra of oxygen implanted s i l ic o n  a t
an energy of 120 keV, for various doses (as implanted)
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low dose implants. This is indicative of oxygen rich 
silicon which is stoichiometrically closer to SiO than Si02 .
The increase in the implanted dose causes the peak absorption 
to shift towards a higher wavenumber. This indicates a gradual 
transformation of initially oxygen rich silicon layer to an 
SiO layer and then to a layer which is stoichiometrically 
close to Si02 .
The IR spectra for the same peak concentration of 
implanted dose, (section II. 1) for the four energies is 
presented in figure V.27. It can be seen that the spectra 
for the three lower energies are very similar but the 
highest energy implant of 120 keV, produces an absorption 
peak which is much deeper. The magnitude of the transmittance 
are 67%, 63%, 50% and 39% for the 40, 60, 80 and 120 keV 
implants respectively. Therefore it is clearly shown that 
even for the same peak of oxygen concentration the thickness 
of the oxide increases with the increase in the implant 
energy. This is not really surprising as the range of the 
implanted ions increases with the increase in implant energy.
By normalizing the above transmittance values to the 
projected range, the following results were obtained: 64%,
72%, 69%, and 72% for the 40, 60, 80 and 120 keV implants 
respectively.
V.7.3. The Effect of Annealing on the Infra Red Spectra
It has been observed during investigation of Si02 films
prepared by conventional techniques, (section 1.2), that
not only will an oxygen deficiency cause the IR band peak
(83)position to shift towards a higher wavenumber, 'i.e. longer
100
CDu
GTOu
4-1
6tnGTOGH
90
20
10
(1)
(2)
(3)
(4)
1400 1300 1200 1100 1000 900 800
Wavenumber (cm“ ^)
Q ) ■--------- — 40 keV 8.4 X 23 10 J ions -3cm (1045 cm -1)
(2) ............ keV 8.1 X 2310 ions -3cm (1030 cm b
( 3 ) --------- ---- 80 lceV 7.7 X 2310 ions -3cm (1040 cm b
( 4 ) ----------- -120 keV 8.6 X 2310 ions ' -3 cm (1050 cm b
700
Figure V.27 In f ra  Red spec tra  of oxygen implanted s i l ic o n  
a t  s im ila r  peak concentra tions fo r the four 
energies (as im planted).
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wavelength also bond strain will have this effect.
From the RBS results of section V.3 it is clear that the 
implantation process is a source of-considerable bond strain 
and disorder in the implanted layer. Therefore it is not 
surprising that even for the highest dose the maximum 
absorption peak wavenumber of the implantation grown oxides 
is always less than that of the thermally grown oxides. To
verify that it is the bond strain that causes the shift in
the absorption band, two separate experiments were
performed, the results of which are presented here.
Samples that had been implanted with various doses of
oxygen at 40 keV were annealed at 850°C for 30 minutes in
nitrogen ambient, (section III.4). Infra red studies of the
annealed samples revealed that annealing had a significant
effect on the nature of the transmission band. In figure
V.28 is presented the IR spectra of a sample implanted 
18 -2with 2.5 x 10 ions cm at 40 keV and annealed. The first
anneal was at a temperature of 850°C and it caused the
change in the characteristics as shown. A further anneal at
a temperature of 1100°C had an insignificant effect on the 
absorption spectrum. The other test which confirmed this
bond strain phenomenon consisted of thermally grown silicon
16 -2 dioxide being implanted with 10 oxygen ions cm at
80 keV. The IR spectrum obtained after this treatment
revealed that the peak absorption moved from 1080 cm 1 to
1060 cm 1. Therefore this test also verified that the bond
strain caused by the implantation process shifts the
absorption peak towards a lower wave number.
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(1)
(2)
Wavenumber (cm 7)
18 — 2 l2.5 X 10 ions cm As Implanted (1050 cm )
18 -22.5 X 10 ions cm Annealed 850°C, 30 min
(1080 cm )
Figure V. 28 In fra  Red Spectra of as implanted^gnd annealed samples, 
implanted with a dose of 2.5 X 10 ions cm a t  40 ke\i
- 117 -
A set of samples implanted with various doses of 
oxygen at an energy of 40 keV were annealed at a 
temperature of 850°C for 30 minutes, (section III.4). They 
were then analysed using an infra red spectrophotometer, 
in figure V.29 are presented the spectra obtained from these 
samples. It can be seen that annealing shifts all the peak 
absorption IR bands towards the higher wavenumber and 
causes the peaks to sharpen. All the quantitative IR 
analyses were performed on the annealed samples. From the 
position and the magnitude of maximum absorbance the oxygen 
concentration and the oxide thickness were obtained. At 
the dose for which the shift in the absorption peak is 
negligible i.e. annealed samples silicon dioxide can be 
,considered to be formed. After the appropriate annealing 
step for doses greater than the saturation dose, the IR 
spectra for the implantation grown oxides was indistinguishable 
from the spectra of thermally grown oxides of the same 
thickness.
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VJavenumber (cm )
5 X io17 ions cm 2 (1075 cm b
7.5 X io17 ions cm 2 (1077 cm b
1 X io18 ions cm 2 (1080 cm b
2.5 X 1018 ions cm 2 (1080 cm b
Figure V .29 In fra  Red Spectra of oxygen implanted s i l ic o n  a t  an energy of 
40 keV and annealed a t  850 C for 30 min, for various doses.
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The experimental capacitance-voltage (C-V) apparatus 
and the preparation of metal-oxide-semiconductor (MOS) 
devices has been outlined in section IV.3. In all cases it was 
difficult to attain bias conditions for the accumulation of 
majority carriers therefore a complete C-V characteristic 
was not possible.
In figure V.30 are featured three of the best C-V
curves obtained using the implantation grown oxides as
the insulator in the MOS devices. As it was not feasible
to accomplish accumulation the magnitude of the oxide
capacitance (C ) could not be measured experimentally.
Therefore the magnitude of Cox was computed using the curves
given by Goetzberger^108  ^ and from the oxide thickness
measured using RBS and ellipsometry and the known background
15 - 3doping level of 3 x 10 ions cm . These curves give the 
cmin/cox ratio, from which the Cox was calculated assuming, the 
capacitance measured at zero volts to be Cm:xn . The vertical 
scale was then normalized by dividing the measured 
capacitance by the calculated Cox, as shown plotted in 
figure V.30.
The solid lines in figure V.30 represent the portion of 
the characteristics obtained experimentally whereas the 
dashed lines are the extrapolated portion of the curves.
Also shown on this figure is the C-V characteristic (1), of 
a thermally grown silicon dioxide of 1620 8 thick, by way of 
comparison. In the case of the comparison of C-V curves, 
one of the fundamental parameters is the flat-band voltage
V .8. Capacitance - Voltage Characteristics
Voltage across device V
Figure V-30
High frequency (IMHz) MOS capac itance-vo ltage  curve for the th ree  im plantation  
grown and the thermally grown oxides.
Dose 
ions cm-2
Energy
keV
Peak Cone, 
ions cm"3
Anneal Oxide th ick ­
ness &
VFB
1 Thermally grown oxide None 1620 3.5
? 1.35 x 1018 40 1.51 x 1023 600°C 
30 minutes
1600 10.6
3 1.50 x 1018 40 1.68 x 1023 850°C 
30 minutes
1700 4.6
4 2.50 x 1018 40 2.02 x 1023 None 2400 6.0
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(VFB), which is a measure of the surface state charge 
<QSS = cox vFB) (5i).
The flat-band voltage was calculated using the method 
described by Kooi^18 .^ From figure 2.20 in Kooi^18  ^
the relationship between the minimum capacitance (Cm^n) 
and the flat-band capacitance (CFB) was obtained:
CFB 8 + Cmin " 800 0 £ pF cm"" J ......V.2 .
The flat-band capacitance was obtained by substituting
the measured C . and the flat-band voltage obtained from m m  , 3
the appropriate curve of figure V.30.
The curve marked (2) in figure V.30 is of a sample
2 3
implanted with a peak concentration of 1.51 x 10 oxygen
 3
ions cm , (section II. 1), producing an oxide thickness of 
1600 8 after an annealing treatment at 600°C for 30 minutes in 
N2 ambient. The flat-band voltage in this case was found 
to be 1 0 .6 volts when the oxide is negative with respect 
to the silicon. The curve for a sample implanted with a
2 3 _  3
peak concentration of 1.68 x 10 ions cm is marked (3).
This sample has been annealed at 850°C for 30 minutes in 
N2 ambient, producing an oxide thickness of 1700 8  and 
the flat-band voltage of 4.6 volts. Therefore an anneal 
of 850°C has caused the shift in the C-V characteristic of 
6 volts for two samples implanted with similar doses.
The fourth curve is of a sample implanted with peak oxygen
2 3  _ 3
concentration of 2 . 0 2 x 10 ions cm corresponding to an 
oxide thickness of 2400 8 . Although this sample did not 
receive any post-implantation annealing treatment the
- 122 -
flat-band voltage in this case was estimated to be
6 . 0  volts.
From figure V.30 it can be seen that an anneal of 
850°C causes the C-V characteristic to shift such that it 
is similar to trace obtained for a thermally grown oxide; 
an implant dose of much higher than saturation dose has 
similar effect. Therefore it shows that after the appropriate 
annealing treatment or very high dose implant the 
implantation grown oxides approach the properties of the 
thermally grown oxides.
In the case of most of the other samples the C-V
characteristics were found to be independent of the field
applied across the devices, i.e. the measured capacitance
was independent of the electric field. The capacitance
measured at zero volts was assumed to be the C . , andmin
using the procedure outlined above the appropriate value 
of CQX was calculated from the measured oxide thickness 
and the known background doping level. The calculated
and the measured oxide thickness were then substitutedox
into the appropriate equation (Cq x = Eo .Er .d/A), to evaluate 
the relative permittivity (Er ) of the oxide.
The mean relative permittivity for 30 samples was
2 3 _  3
found to be 3.7 ± 0.4, for doses greater than 10 ions cm ,
i.e. peak concentration to form an Si02 layer compared
with the relative permittivity of thermally grown oxide
of 3.8 measured in the present work and 3.9 reported in 
(81)the literature ' . In the case of doses less than the
2  3  „  3
peak concentration of 10 ions cm the relative
- 123 -
permittivity of the implanted layers was found to be in 
the region of 0.5 to 2.5.
V.9. Ellipsometry
Samples implanted at various doses and energies were 
analysed using the ellipsometer outlined in section III.8 , 
both for the annealed and the non-annealed case. In table
V.4. is presented a summary of the refractive indices (n) 
and the oxide thicknesses (d) obtained using this technique. 
Also listed in this table are the implanted dose, implant 
energy and the corresponding peak oxygen concentration,
(section II.l). In columns four and five of this table 
the refractive index and the oxide thickness are listed 
respectively, for the as implanted condition. In columns 
six and seven the same parameters are presented for the 
annealed, condition of 850°C for 30 minutes. The refractive 
index and the thickness of the thermally grown oxide was 
also measured using this technique. The refractive index
(21 59)was compared with that generally quoted in the literature '
and the oxide thickness with the results of the etched 
step method, as shown in this table.
It must be noted that the computer programe for solving
the equations used in the evaluation of the refractive
index and the oxide thickness, assumes that the underlying
susbtrate is, that of pure silicon, with a known
refractive index, (N  ^ = 3.865-/ 0.0187 at A = 6328 8 <79>)
(79)as described by Archer . This value was confirmed,
within experimental errors, by analysing a single crystal 
silicon sample.
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refractive index of the oxides increases after the
appropriate anneal treatment, whereas* there is a slight
decrease in the oxide thickness. In many cases the
refractive index was found to be outside the limits of the
(79)normal ellipsometry curves , (2.1<N<1.1), therefore
rendering uncertain results for the layer thickness. The 
refractive index of the implanted layers was found to be, 
in some cases, that of stoichiometric silicon dioxide 
after an annealing treatment at 850°C for 30 minutes in 
a N2 ambient. The anomaly in the refractive index results 
and the comparison of layer thickness measured using other 
techniques, will be discussed in the next chapter.
V.10. Etch Rate Analysis
(83)In section III. 9 the procedure for P--etch rate
analysis of both the "implantation grown" oxides and thermally 
grown device quality silicon dioxide was outlined. In 
table V.5a, is listed a summary of the P-etch rates 
for various combinations of implanted dose and implant 
energy, also peak oxygen concentration calculated using 
equation II. 1, is tabulated. In figure V.31 the etch 
rate for the non-annealed condition is plotted as a 
function of the implanted dose peak concentration.
It can be seen from figure V.31 that the etch rate
is initially zero for the doses in the region of 
2 2 _ 3
6 x 10 ions cm , where insufficient oxygen has been
From table V.4, it can be seen that generally the
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implanted to form an oxide layer at the surface. The etch 
rate then increases rapidly with the increase in the 
implanted dose. In the case of an implanted peak concentration
2 3 _ 3
of 1.35 x 10 ions cm i.e. greater than the dose required 
to form silicon dioxide layer at the surface the maximum etch
rate is attained. The etch rate starts to decrease at 
approximately the same rate as it increased for doses higher
2 3 _  3
than 1.4 x 10 ions cm . At the maximum implant dose
2  3 3
corresponding to peak concentration of 3 x 10 ions cm ,
the etch rate drops to approximately 2.5 8 sec 1 which 
compares favourably with the etch rate of thermally grown 
silicon dioxide, measured to be 2.1 8 sec""1 and that 
reported in the literature, of 2.0 8/ s e c ^ ^ ,
(83)It has been reported in the literature that bond
strain is a major factor in contributing to higher etch 
rates in the case of oxides prepared by other techniques.
To verify that this phenomenon was also the cause of higher 
etch rates for the "implantation grown" oxides the etch rate 
of annealed samples was also measured. In Table \£5b is 
listed a summary of the etch rate, the corresponding peak 
oxygen concentration and the annealing treatment.
Table V.5b, shows that the anneal of 600°C for 
30 minutes causes a reduction in the etch rate by 18%. 
whereas an anneal of 700°C reduces the etch rate by 61%.
The maximum reduction of 74% in the etch rate is achieved 
for an anneal of 850°C. A further anneal of 1000°C had an 
insignificant effect on the etch rate. The most critical 
region of annealing in the case of etch rate analysis,
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Implanted
dose
(ions cm 2)
Implant
energy
(lceV)
Peak
concentration 
(ions cmT3) 
x 1023
P-etch <83) 
r a te
(A.Sec"1)
5 x 1017 40 0.56 zero
8.5 x 1017 40 0.95 6.7
9.5 x 1017 40 1.06 10.4
1 x 1010 40 1.12 9.8
1.5 x 1018 40 1.68 8.7
3 x 1018 80 1.93 8.4
2.5 x 1018 60 2.02 7.2
2.5 x 1018 40 2.80 3.4
( Q }Table V-5a Etch r a te  of noil-annealed samples fo r  various
doses and energ ies .
Implanted Peak 
concentra tion  
(ions cm 3) 
x 1023
Anneal 
temperature 
(30 mins)
P-etch (83)
ra te
0 - 1 .(A.Sec l )
1.68 None 8.7
1.51 600 7.1
1.61 700 3.4
1.61 850 2.3
1.61 1000 2.2
1.19 850 2.2
1.93 850 2.2
Table V-5b Etch r a te  Df annealed (in  N2 ambient) samples
of s im ila r  peak concen tra tion  fo r  various anneal temperatures.
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is that between 600°C and 700°C. It must be noted, that the 
percentage reduction quoted is that relative to the 
non-annealed condition.
V .11. Electrical Results
V.ll.l. Dielectric Breakdown
The experimental details for measuring the dielectric 
breakdown field of the oxides has been outlined in section 
III. 10. Also the breakdown field of the thermally grown 
oxides was measured for comparison and calibration.
In table V.6a is listed a summary of the implanted doses and 
energies and the associated peak oxygen concentrations, (section
II.1), also shown in the table are the breakdown voltage and 
the breakdown field which was calculated from the measured 
breakdown voltage and the estimated oxide thickness. The 
breakdown voltage in table V.6a is the mean of both the 
positive and the negative bias conditions, although it was 
observed that the negative bias breakdown voltage was 
consistently greater than the positive bias breakdown voltage.
In the case of the high dose samples the estimated 
average dielectric breakdown field was found to be typically
12.0 ± 2.5 and 8.0 ± 1.5 MVcm”1 for the negative and positive 
polarity respectively, which was calculated using the mean 
oxide thickness, obtained from RBS, ellipsometry and etched step 
height methods. The worst case uncertainty in the magnitude 
in this case was estimated to be 20% due to the 
difficulty in obtaining the breakdown voltage accurately 
and the limitation of oxide thickness measurement techniques.
- 130 -
annealed samples is summarized. It can be seen that the
breakdown field is in the region of 8’ MVcm 3, which compares
(21)very favourably with 10 MV/cm for the thermally grown 
oxides.
V.11.2. Current Density-Voltage Characteristics
An attempt was also made to measure the curent through 
the implanted layer when a voltage was applied across it.
The current through the MOS diode was measured with a
-1 5"Keithley electrometer (602B)U which has a range of 10 A 
_  2
to 10 A. The voltage applied across the device was- measured
with a "Keithley digital multimeter (171)" which has a range of
ljiV to 100 volts. In figure V.32, the log of the current
_  2
density, J, (Acm ), is plotted as a function of the log of the 
positive voltage (V), for an "implantation grown" oxide, and 
these were the best current density-voltage results obtained. 
Three straight lines were then drawn through the different 
regions of the graph, as shown in figure V.32.
The three different regimes wereJ region "a" (O.lmV to
10 mV), region "b", (20 mV to 300 mV) and region "c", (400
mV to 10 V) , as marked on the graph,* region "d" is for
another sample. The table in the inset to figure V.32
refers to the equation that was found to be applicable to
ythe appropriate regime, (J = xV ), this power curve fit was 
computed on a "HP97 desk calculator".
In the table of figure V.32 in the fourth column the 
resistivity of the implanted layer is listed and the voltage 
at which it was calculated is indicated in brackets.
In table V.6b, the dielectric breakdown field for the
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a)  Non-annealed samples
Implanted dose 
(ions cm-2 )
Implant
energy
(keV)
Peak
concentration  
(ions cm“ 3)1023
Breakdown
voltage
(V)
Breakdown 
f ie ld  
(MV cm” 1)
5 x 1017 40 0.56 60 5
8.5 x 1017 60 0.68 155 8
1.0 x 1018 60 0.81 170 8.3
8.5 x 1017 40 0.95 147 10
1.0 x 1018 40 1.12 95 5
1,5 x 101Q 60 1.21 74 3.1
1.8 x 1018 60 1.45 195 6.7
1.5 x 101B 40 1.68 69 5
2.5 x 1018 40 2.80 112 8
b) Annealed samples
Implanted
doee
(ions cm“ 2)
Implant
energy
(lceV)
Peak
concentration  
(ions cm~3)x l0 23
Anneal 
Temp.
°C
Breakdown
voltage
(V)
Breakdown 
f ie ld  
(MV cm” 1)
—
500 143 8.5
1.35 x 1018 40 1.51 600 105 5
700 122 8
900 83 5.3
1.7 x 1018 80 1.1 900 250 8
2.5 x lO10 80 1.6 900 160 6
1.77 x 1018 60 1.4 950 280 9
Table V~6 Summary of the d i e l e c t r i c  breakdown f i e ld  (mean of 
p o s i t iv e  and negative p o la r i ty ) ,  fo r the non-annealed and annealed, 
(for 30 minutes in  N2 ambient). The thickness was measured by RBS.
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10 10* 10- l 10
Applied P o s i t iv e  P o te n t ia l  (Volts)
Graph of Current Density aga in s t  the P o te n t ia l  Applied across the 
MOS s t ru c tu re ,  fo r  1.5 x 1018 ions cm-2 implanted dose (40 keV), 
both samples were as implanted.
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It was observed from figure V.32 that the power
law relationships are 0.62, 1.32 and 3.1, for the three
straight lines a, b and c respectively. From the table
it was also seen that the resistivity of the implanted 
13layer is - 10 ohm cm, compared with the resistivities of 
1018 to 1017 ohm for thermally grown oxides. The
slope of the straight line regime marked "d" is similar 
to b, although it was found to be less leaky by an order 
of magnitude.
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CHAPTER VI
VI. Discussion
This chapter constitutes a detailed discussion of the 
results reported in Chapter V and, where appropriate, a 
comparison is made with the published work. The chapter is 
divided into four subsections entitled:
(i) The implanted layer thickness.
(ii) The stoichiometry of the layer.
(iii) The disorder in the layer and at the interface,
(iv) Electrical characterization.
VI.1. The Implanted Layer Thickness
In this section the thickness of the oxide formed by 
implantation is discussed, as a function of the implant dose, 
implant energy and the annealing conditions. Finally the 
RBS, colour chart, ellipsometry infra red and step height 
results are summarized and discussed. The inherent 
limitations of these techniques are discussed in section
VI .1.4 .
VI. 1.1. Oxide Thickness as a function of the Implanted Dose
The shape of the oxygen profiles has been described in 
figures V.l. to V.4, as a function of dose for the four 
energies. The general trend for the profiles is similar in 
each case therefore the comments made with reference to one 
set of profiles are equally applicable to all four energies. 
The profiles for the 80 keV implants are discussed, as they 
best represent the general trend.
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of gaussian shape and the peak concentration occurs at a
depth of 2200 8. After applying a correction for different
(71)stopping powers of silicon and silicon dioxide , this
coincides with the projected range depth. The increase in
the implanted dose caases an increase in the oxygen
profile height and width, which is due to the amount of
oxygen incorporated into the silicon layer. The peak of the
oxygen profile moves to a greater depth with the increase in
the implanted dose. Three phenomena are believed to be
1 ftcontrolling the oxygen profile at these higher (10 ions 
_  2
cm ) doses. The first phenomenon is that the depth scale
changes with the implant dose as Si02 has a higher atomic
( 5 9 )density than silicon . The energy loss incurred by the 
analysing helium beam is greater in Si02 than in Si for the 
same thickness of layer penetrated. Therefore with the 
increase in oxygen dose the peak of the oxygen profile 
appears to be moving deeper into the substrate.
(55)The effect of the reduced projected range 
with an increase in the implanted dose, due to the 
increased stopping power of the oxygen ions has to be 
considered also. This results in the implantation of 
oxygen ions closer to the surface, therefore inducing the 
shift in the oxygen profile towards the surface.
The third phenomenon that is affecting the profiles is 
sputtering at the surface. With the increase in the implanted 
dose the thickness of the surface layer removed increases, 
transferring the whole profile closer to the surface.
In the case of the lower doses the oxygen profiles are
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The latter two effects act in opposition to the first, 
and from figure V.3 it can be concluded that the 
first is the most dominant i.e. the rate of depth scale 
change is greater than the combined effect of the change in 
projected range and sputtering of the layer.
In the case of doses greater than the saturation dose i.e.
18 - 21.2 x 10 ions cm , flat topped profiles are obtained.
The oxygen content in the implanted layer cannot increase 
once an oxygen to silicon ratio of two is reached. Any increase 
in implanted dose beyond this value results in the diffusion 
of excess oxygen into the unsaturated locality. The zone 
between the oxygen profile peak and the surface acquires 
most of the excess oxygen ions. This is due to two major 
effects, firstly, as mentioned above, the projected 
range of the oxygen ions decreases owing to the increase in 
the substrate density. Secondly, most of the diffusion is 
towards the surface, since the radiation damage peak occurs 
at a shallower depth than the peak of the oxygen impurity 
profile <103' 104' 105>.
The thickness of the oxide layer is defined by the full- 
width of the oxygen profile at half-maximum (FWHM). The oxide 
thickness as a function of the implanted dose showed similar 
trend to that depicted in figure V.6. The most striking 
feature of this graph is that the oxide thickness only 
increases up to a certain implanted dose, beyond which it 
starts to decrease. The reduction in the layer thickness 
beyond the critical dose is correlated with the decrease in 
the area enclosed by the oxygen profile.
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The stoichiometry of the implanted layer is not affected 
once an Si02 layer is formed. This indicates that there is 
no preferential sputtering of either silicon or oxygen, i.e. 
the layer is sputtered stoichiometrically. The movement of 
the oxygen profile towards the surface with the increase 
in the implanted dose is also indicative of this sputtering.
The apparent reduction in the oxide thickness as measured 
by RBS, could have been due to the increase in the implanted 
layer density. However, the infra red spectroscopy results, 
as shown in figures V.23 to V.26 confirm that beyond a 
critical dose the layer does reduce in thickness.
VI.1.2. Oxide Thickness as a function of the Implant Energy
As the projected range of the implanted oxygen ions
(55)increases with the increase in implant energy , the 
thickness of the implanted layer should increase (section
II.1). In figure V.5 Ziegler's theoretical computer 
programme^84  ^ and the experimental profiles are shown. The 
salient point to note here is the higher surface oxygen 
concentration for the lower energies than theoretically^84  ^
predicted. This is thought to be due to the sputtering 
effect and the radiation enhanced diffusion of oxygen ions 
towards the surface. In the case of the highest energy implant 
120 keV, the surface concentration was negligible, and 
therefore a buried layer was formed. The oxide thickness 
for the 40, 60 and 80 keV implants was approximately twice 
the projected range whereas for the 120 keV implants it was 
greater by 50%. This is in good agreement with Mayer et al, 
who reported that the thickness of amorphous layers
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was 1000 8, which is twice the projected range for 40 keV P 
implants into silicon. These thickness measurements for the
/ c o l40 keV implants are in excellent agreement with Badawi
for a similar implanted dose. Another explanation for these
experimental curves being broader than the theoretical^^
as shown in figure V.5 is that the computer programme does
not make allowance for the excess oxygen ions being incorporated
into the layer. Radiation enhanced diffusion has been
reported for other i m p u r i t i e s ^ ^ , so it is feasible that
the flat topped profiles are produced by this effect.
The oxide thickness is also a function of the projected 
standard deviation i.e. the width of the gaussian profile.
As the projected standard deviation increases with the 
implant energy the increase in implant energy will therefore 
produce thicker layers.
VI.1.3. Oxide Thickness as a function of Annealing Conditions
In this section we discuss how the oxide thickness 
varies as a function of the annealing treatment as 
monitored by RBS, colour chart, IR spectroscopy and 
ellipsometry. No significant changes in the thickness were 
observed after annealing, using the RBS technique or the 
colour chart) however, both IR and ellipsometry indicated 
otherwise. It is believed that the changes observed by the 
IR technique are mainly due to the release of bond strain.
This was verified by implanting a layer of thermally grown 
oxide with a low dose of oxygen. A shift, a broadening and 
a reduction in the absorbance of the IR peak resulted, which is
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The ellipsometry results indicated a slight reduction
in the oxide thickness upon annealing at 850°C/ which is
(58)in good agreement with Badawi . However this reduction 
could not be considered as a real change due to the inherent 
assumptions made when using ellipsometry and this will 
be discussed in more detail in section VI.1.4.
In conclusion, within the limits of the techniques used 
in the present work, the oxide thickness appears to be 
independent of the annealing conditions.
VI. 1.4. Summary
From the results presented in Chapter V it may be 
concluded that generally the oxide thickness increases as 
a function of both the implanted dose and the implant energy. 
The oxide thickness decreases beyond a certain critical 
dose for all four energies. This is thought to be due to 
sputtering of the surface layer. Usually at the lower 
energies i.e. 40 keV and 60 keV a surface oxide is formed, but 
at the higher energies the oxide is buried, and the depth 
is dependent upon the implant energy.
In the case of RBS analysis the stopping power changes 
with depth due to the changing stoichiometry of the implanted 
layer. The simple energy to depth scale conversion is only 
applicable at high doses i.e. when a uniform layer is formed.
The absorption peak in the case of IR spectroscopy is 
dependent upon the thickness, the bond strain and the 
number of Si-0 bonds in the implanted layer. This technique
(7 7)in good agreement with the results of Dylewski and Joshiv .
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is only applicable for measuring the thickness when the 
bond strain has been relieved by full annealing treatment 
and the number of Si-0 bonds is constant i.e. when uniform 
layer is formed.
Ellipsometry is another technique that has been 
investigated to measure the thickness of implantation 
grown oxides. The fundamental assumption made with this 
technique is that the underlying substrate is single crystal.
The non-annealed samples have a very heavily disordered 
interface between the implanted layer and the'silicon 
substrate.
This technique will therefore render erronous results 
for the non-annealed samples. The "implantation grown" oxides 
are multi-layered, for doses less than the saturation dose,
and this further complicates the analysis. It may be concluded 
that to use ellipsometry the interface must be fully annealed 
and the layer under investigation must be implanted with 
high doses.
The technique of chemically etching a step and measuring 
its height has also been used to measure the oxide thickness.
The major disadvantage of this technique is that the chemical 
etch will react both with Si02 and the highly disordered silicon. 
This renders an etched step that is greater than the true 
oxide thickness. The samples have to be free of disorder by 
full annealing treatment for this technique to be applicable.
Table VI.1. is a summary of the results presented in 
various sections of Chapter V, and obtained using the above 
mentioned techniques. In this table two sets of theoretical 
oxide thicknesses are presented for each implanted dose; the
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calculations were performed using the procedure outlined in 
section II.1. The difference in the two cases is due to the 
respective magnitudes of the silicon atomic density
substituted into the oxygen/silicon ratio equation (section
2 2 2 2
II.1), i.e. 5 x 10 for pure silicon and 2.3 x 10 for Si in
_  3
Si02, Si atoms cm
The most important point to note here is that the oxide 
thickness predicted from the theoretical calculations is much 
less than that experimentally obtained. The second criterion 
yields thicker oxides owing to the assumption that less oxygen 
is required to form an Si02 layer. If the latter is taken to 
be more accurate prediction then we observe that the measured 
oxide thickness is generally twice the predicted thickness.
The RBS results are generally in very good agreement 
with the colour chart results. The etched step height results 
are also in agreement with RBS the discrepancies are either due 
to no etching at all or etching of the damaged layer as was 
discussed earlier. The thickness measurements obtained from IR 
spectroscopy are generally lower than expected. This is 
believed to be due to only a fraction of the oxygen ions being 
chemically bonded to the Si, although there are twice as many 
oxygen atoms as there are silicon in the layer. The number of 
Si-0 bonds contributing to the IR absorption are therefore less 
and this apparently indicates a thinner oxide. This can be 
explained by considering the RBS results of figure V.16, 
where it was shown that even after an annealing treatment 
residual disorder is still present. This indicates that not 
all the oxygen atoms are bonded to silicon although the oxygen to
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silicon atomic ratio is two. If the magnitude of "C",
Si-0 bond concentration, in equation V.l is lower than that 
measured for a thermally grown oxide,- then for a measured 
absorption "A", the calculated value of thickness "t" will 
apparently be lower.
The thickness results obtained by ellipsometry are very 
different to the above techniques. The explanations for these 
discrepancies are related to the variations in refractive index 
which are given in brackets in table VI.1. In the case where 
the refractive index of the "implantation grown" oxides is 
comparable with thermally grown Si02 (n=1.46), the oxide 
thickness measured by ellipsometry compares very favourably 
with the results obtained using other techniques.
In conclusion it can be said that RBS, colour chart 
and chemically etched step height techniques yield oxide 
thickness results which are in good agreement, within the 
experimental error. The IR spectroscopy results are generally 
lower and the ellipsometry results are found to be unreliable 
for the "implantation grown" oxides.
VI.2. Stoichiometry of the Implanted Layer
V I .2.1. Stoichiometry as a function of the Implanted Dose
The stoichiometry of silicon oxides formed by ion
implantation have been estimated using various techniques
(22,23,25,51,57,58) _ .. . . . .  .. ,. I n  the majority of cases optical
measurements were performed and the composition of the layers
was deduced from them. The main techniques used were IR
spectroscopy^22'23'37  ^ and ellipsometry^38 .^ In the first
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case the wavelength corresponding to maximum absorption was 
measured whereas in the second the refractive index was 
measured. The Rutherford backscattering (RBS) analysis 
technique has been used to study the atomic ratio of oxygen to 
silicon. The main advantages of this technique are that the 
relative amounts of oxygen to silicon can be estimated, and 
the oxygen distribution in the implanted layer can be 
obtained non-destructively.
The atomic ratio of oxygen to silicon reaches a value 
of 2 at an implanted dose corresponding to the oxygen profile 
height saturation dose as shown in figure V.10. We may therefore 
conclude that the maximum oxygen concentration retained in the 
implanted layer is equivalent to twice the silicon atomic 
density. As the oxygen to silicon ratio does not exceed a 
value of 2, we conclude that Si02 must be the most stable form 
of the oxide. Any further increase in the implanted dose causes 
a flattening of the profile, i.e. layers close to the surface 
convert to Si02.
In contrast to RBS, the technique most widely used to
(22 25 57)indicate the formation of an Si02 layer ' ' , has
been IR spectroscopy. This technique was reported to have 
given an indication of Si02 molecules being present at a 
dose equivalent to the peak oxygen concentration of
2 2 _  3
8.4 x 10 ions cm . We found the ratio to be 1.93 for 
similar conditions using IR spectroscopy, which is in
excellent agreement with a value of Si01  ^ found by Badawi and
(25)Anand . However the peak oxygen to silicon ratio measured 
by RBS was estimated to be 1.3 for identical implant conditions.
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The refractive index of the same sample was estimated to 
be 2.1, indicating silicon dioxide had not formed.
The chemical etch rate^83  ^ for this sample was found 
to be 6.7 8 sec 1 compared with 2.1 8 sec 1 for thermally
grown silicon dioxide; This high etch rate could be 
attributed to the low -density of the layer and the implantation 
induced damage, we believe that it is a combination of both 
of these factors. This etch rate difference further confirms 
than an Si02 layer had not been formed.
In conclusion we believe that IR gives an incorrect 
estimate of the oxygen to silicon ratio. This technique 
indicates the presence of an Si02 layer even when only a few 
Si02 molecules have been formed. Therefore this technique 
signals the presence of an Si02 layer at lower doses than the 
true dose for which a finite thickness of an Si02 layer is 
formed.
VI.2.2. Stoichiometry as a function of Implant Energy
It was postulated from the calculations in section II.1 
that the dose required to form an Si02 layer is a function 
of the implant energy. This was verified in figure V.9, 
where it was shown that the higher the implant energy 
the higher is the required implanted dose to form an Si02 layer.
In table V.laare listed the doses for which an Si02 layer 
is formed, at the oxygen profile peak (heights method), and 
additionally the doses at which a uniform layer is formed 
up to the surface (areas method). It was observed that the 
dose required to form a uniform layer was greater than the
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to form this uniform layer was 1 1 %, 2 0 %, 26% and 38% (from
table V.lo) in excess of the calculated values. It is
believed that the amount of excess oxygen required to form
a uniform layer increases as a function of implant energy
(55 )due to an increase in the projected range . In the case 
of higher energies the ions are implanted deeper therefore 
the area between the peak of the oxygen profile and the 
surface increases.
However the dose required to form Si02 at the oxygen
profile peak becomes less when compared with the theoretical
value with an increase in the implant energy. In the case of
the energy of 40 keV the agreement is very good. For the
60, 80 and 120 keV implants the dose required is 12%,
19% and 36% (table V.lc) less than theoretically calculated.
This is believed to be due to the deviation of the implanted
profile from a true gaussian shape. From the profile of 
18 - 21 x 10 ions cm , 120 keV shown in figure V.4 the width of
the profile was found to be 1 7 0 0 8 and the peak occured at a
depth of 360oX. The expected gaussian width from L S S ^ 8^
tables is 19508 for this projected range. This shows that
(55)the experimental depth distribution is narrower than LSS 
predicts therefore the peak concentration for Si02 formation 
will be reached at a lower implantation dose.
Another explanation for this phenomenon is that the 
silicon atomic density increases as more oxygen is incorporated
2  2 „  3
into the layer. The silicon atomic density is 5 x 10 cm
2 2 „  3
whereas there are 2.3 x 10 cm silicon atoms present in
(55)dose predicted from LSS calculations. The dose required
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the stoichiometric Si02 layer. With an increase in the 
implanted dose the silicon atomic density decreases in the 
implanted layer. For this phenomenon to take place the 
implanted silicon layer must expand to incorporate the 
implanted oxygen and the "apparently" excess silicon atoms.
On analysing the boundary of the implanted and the non­
implanted regions, it was observed that the implanted area was
18 - 2raised. For example a dose of 3 x 10 ions cm for a 120 
keV implant raised the surface by = 20008.
VI.2.3. Summary
It has been shown that oxygen to silicon atomic ratio of
2 can be obtained at very high doses of oxygen. The minimum
oxygen dose required was found to be a direct function of the
implant energy. The ratio of the dose required to form a
( 5 5  \buried Si02 layer, to that calculated from LSS theory,
becomes less with the increase in implant eneryg. The ratio 
of the dose required to form a uniform layer, to the theoretical 
dose, becomes greater with the increase in implant energy.
IR spectroscopy was found to indicate SiO^ g3 whereas 
from the RBS technique the atomic ratio was 1.3, using the 
heights method. This was believed to be due to IR spectroscopy 
being more sensitive, thus indicating stoichiometric Si02 
layer even when only few Si02 molecules are present in ..the >. 
layer. We conclude that IR cannot be used for quantitative 
analysis of silicon oxides formed by ion implantation and so 
complementary techniques are necessary.
Chemical etch rate measurements for quantitative analysis 
of the "implantation grown" oxides was found to be unsatisfactory 
as the etch rate is a function of both the layer density and the
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oxygen content. It was found that chemical etch rate analysis 
can only be applied to high dose samples that had undergone 
an annealing treatment at 850°C.
Ellipsometry was also investigated as a possible 
analysis technique but this too was found to be unsatisfactory 
because the fundamental assumption of the underlying substrates 
being a single crystal does not hold as shown in e.g. figures
V .1 1 and V.16. This technique was considered to be only 
useful for uniform layers that had been annealed at 
temperatures greater than 1000°C.
In conclusion it can be stated categorically that the 
most accurate techniques to obtain the oxygen to silicon 
ratio are those that measure the atomic ratio e.g. SIMS, ESCA, 
RBS. It is believed that the results in the present work 
using RBS are the most accurate obtained for oxide formation 
by ion implantation.
It has been established that an Si02 layer can be 
formed for a given energy if the critical dose is exceeded.
This measured critical dose is in good agreement with 
theory at low energies. In the case of higher energies 
theory overestimates the critical dose for which Si02 is 
formed at the peak of the distribution, due to a smaller 
range straggling than predicted. However, thed.ry under­
estimates the dose required to create a uniform layer, 
due to a greater volume of silicon requiring conversion to 
Si02 between the peak of the oxygen profile and the surface.
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Techniques such as IR spectroscopy, etch rate and 
ellipsometry were found to be inadequate for quantitative 
analysis, therefore the results from'these techniques 
must be interpreted with caution.
V I .3. Disorder in the Implanted Layer
V I . 3 .1. The Effect of Implanted Dose
A definition of the disorder parameter was given in
figure V.12. The total disorder, as shown in figure V.14
for the 40 keV implants, increases as a function of the
implanted dose up to a saturation value. This saturation
16 —2of disorder occurs at a dose of approximately 10 ions cm , 
which is in agreement with the results by Davies et al, ^ ^  
for As and Sb and those reported by Mayer et al,  ^ for 
P, A&, Ga and In implantation into silicon (Table VI.2).
The disoi'der saturates at lower implantation doses for the 
higher atomic masses, due to a higher deposition of energy 
which causes relatively more damage per atom (as is shown in 
Table VI.2). It is interesting to note that the product of 
atomic mass and the implanted dose required for saturation of 
disorder is in very good agreement with each other for the 
higher atomic masses.
Beyond the saturation dose the amount of disorder does
not increase for any further increase in the implanted dose hy
up to an order of magnitude. This indicates that an amorphous
layer is formed, as is confirmed by the results shown in
17 - 2figure V.ll. In the case of doses greater than 10 ions cm 
the stoichiometry of the layer starts to become significant. 
This is seen-in figure V.ll where a dip starts t o ’.
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As the disorder is defined by the area under the silicon
yield) for any increase in implanted dose beyond a critical
dose there is an apparent decrease in disorder. At doses of 
18 - 2
1 0 ions cm sputtering becomes significant and therefore
has an effect on the disorder area (this is further discussed
in section VI.3.3). It is believed that an equilibrium is
reached when an Si02, atomic ratio, layer is formed up to
the surface. In this condition there is no preferential
sputtering of oxygen or silicon i.e. the layer is sputtered
(35)stoichiometrically, as suggested by Naguib and Kelly' ’ .
The graph of Xmin against implanted dose as shown in
figure V.13, follows the same trend as the disorder
with the implanted dose. Thus as expected the X . valuem m
saturates at some dose as the dose at which disorder
saturates and for very high doses the X . starts to decrease.J 3 m in
It is difficult to explain the presence of a peak in the X .e  m m
value, the onset of which coincides with the value of half 
the oxygen area saturation dose. An increase in the layer 
thickness is thought to be a possible explanation for this 
peak, however there is no evidence of this from the graph 
of layer thickness versus the implanted dose.
The definition of X . is such that it is a measure ofm m
the magnitude of the dechanneling which the helium beam 
encounters whilst traversing the implanted layer. It is 
possible that a phase change in the implanted layer from 
SiO to Si02 is occuring, as the onset of the increase in X .
appear in the silicon yield of the implanted region.
- 152 -
•ratio is 1. It was observed from the IR results that SiO
is formed at a lower dose than indicated by RBS. The
presence of S102 molecules has also been observed by IR
at lower doses than indicated by RBS. It is possible that
this change from SiO to Si02 causes an increase in the small
angle scattering of the analysing helium beam which would
lead to an increase in the X . value. To verify thism m  2
phenomenon structural information needs to be obtained e.g. TEM
analysis. The decrease in the X . value beyond the criticalm m  J
dose is related to the sputtering of the surface layer, which 
will be discussed in section VI.3.3.
VI.3.2. The Effect on Disorder of Implant Energy
Figure V. 13 shows X aa a function of the implanted
dose for the four energies. This indicates an increase in
Xmin increase in implant energy, for a given
implantation dose. This increase in X . is an indication ofm m
the increase in disorder in the implanted layer i.e. increase in 
the helium beam dechanneling.
Figure V.14 shows that the amount of disorder corresponding
to a saturation dose increases with the increase in implant
energy. These results are in good agreement with the theoretical
predictions (108,109)^ This is a direct consequence of the
increased ion energy being dissipated in the substrate, i.e.
higher number of host lattice atoms displaced. When the
measured disorder in figure V.14 is normalized to the
(55)appropriate projected range for the 40, 60 and 80 keV
implants a very good agreement is found, within ± 10%
coincides with the dose at which the oxygen to silicon atomic
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for these three energies, and therefore this verifies that 
the amount of disorder increases with the implant energy.
VI.3.3. Interface Disorder
The "interface disorder area" as defined in figure V.15, 
was found to be the most sensitive way of measuring disorder 
for the uniform layers. The interface is initially very 
heavily damaged as shown in figure V.ll, however with 
further increase in the implanted dose the damage at the 
interface decreases. This reduction in the interface dis­
order area may result from either self annealing due to 
beam heating or due to sputtering.
It is possible that for the high dose implants the 
sample temperature is raised enough duirng implantation, to 
initiate ion beam annealing, however the following general 
observations appear to contradict this possibility:
(i) the total interface disorder area reduction is 
only dependent on the implant dose and not the dose rate;
(ii) a sharp onset of reduction in the disorder area 
coincides with the oxygen profile area saturation dose;
(iii) the maximum implanted dose results in a reduction 
in disorder comparable with that achieved for an anneal at 
>1000°C as shown in figure V.16.
The estimated maximum temperature of the surface 
assuming all the energy is dissipated in the sample is 
approximately 300°C. It may then be concluded that sputtering 
is responsible for the reduction in the interface disorder 
area, as an anneal at a temperature of 300°C has an
- 154 -
As the surface atoms are sputtered the Si02 layer
effectively moves into the silicon, which is shown by the
oxygen profiles in figures V.l to V.4. From figure V.2,
1 ftby comparing the oxygen profiles for doses of 1 x 10
- 2 18 - 2 ions cm and 2.5 x 10 ions cm we observe that the
higher dose profile has moved towards the surface by
approximately 7008, i.e. thickness of layer removed. This is
17equivalent to a removal of 4.8 x 10 atoms, assuming a
22  —3 (16)Si02 density of 2.3 x 10 molecules cm
This represents a sputter ratio of 0.32 atom/ion, which 
is in very good agreement with the estimated sputter ratio 
of 0.37 (section II.1).
Another interesting effect is that the interface
disorder is greatest for the lowest implant energy, for a
given implantation dose. It is believed that this is not a
real effect but is introduced by the measurement technique.
The definition of the "interface disorder area" (caption to
figure V.15) introduces the systematic error. The line that
is used for extrapolating the background to the interface
yield needs to be investigated. Figure VI.1. is a plot of
the results presented in Chapter V but in a different form.
These spectra are identical to figure V.ll, however here three
17different energies are chosen and a fixed dose of = 7.5 x 10 
„  2
ions cm . It is clear that the background has a pronounced 
effect on the area under the interface disorder curve. The 
thicker the surface i.e. the higher the implant energy, the 
more dechanneling the helium beam encounters. Therefore the
insignificant effect as shown in figure V.16.
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Channel Number
Figure V I-1 Channeled Backscattering Spectra in  the
region o f s ilic o n  edge, showing the in te rfa ce  
d isorder peak, fo r  the three energies.
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background yield increases with energy, rendering a lower 
interface disorder area. We can conclude that the interface 
disorder is "apparently" less for the higher energy compared 
with the lower energy, due to the anomaly in the definition 
of this parameter, for a given implanted dose.
As expected the width of the interface disorder peak 
increases with the increase in implant energy. To obtain a 
more representative parameter for the interface disorder 
peak, the area enclosed by the leading half (higher He* 
energy) could be computed and doubled to yield the total 
interface disorder area. The disadvantage of this procedure 
is again in defining the background yield correctly. The 
general trend for a given energy seems to be that the 
interface disorder decreases with the increase in implanted 
dose, although a comparison between different energies has 
to be made with caution.
From figure V.15, it can be seen that the disorder 
peak decreases with the increase in implanted dose, for all 
three energies, however the rate of the decrease of disorder is 
different in each case (figure V.15). It is believed that 
sputtering has a significant effect on the rate of decrease 
of disorder. With the increase in dose the oxide layer 
advances due to the surface being sputtered away, to 
incorporate displaced silicon atoms in the original interface 
region, as shown in figure V I .1.
From section II.1 the sputtering rate for the highest 
energy should be the greatest, therefore rendering the highest 
rate of decrease in the interface disorder area. It is believed
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that although sputtering is mainly responsible for this 
decrease, in this case the definition of the interface 
disorder area has a significant affect on the measured area, 
as explained on the previous page.
There seems to be no further disorder produced at the 
interface for doses greater than the critical dose. It is 
believed that two main phenomena overshadow this effect, 
which however must always be present. In the first case, due 
to the higher stopping power of the implanted layer compared' 
with single crystal silicon, the oxygen is implanted closer 
to the surface (Table II. 1 ). This has the effect of reducing 
the number of new ions reaching the original interface and 
producing further damage. The second effect is that although 
disorder is being produced at the interface continuously, 
beyond the critical dose the rate of decrease in disorder 
is very much greater. This rate of decrease combats the 
effect of the generation of further disorder.
V I . 3 .4 . Annealing Characteristics of Interface Disorder
The graph of the interface disorder area as a function of 
the anneal temperature (figure V.16), indicates that complete 
recrystallization was not achieved, even at an elevated 
temperature of 1000°C. The decrease in interface disorder 
as a result of annealing is due to epitaxial regrowth of 
single crystal silicon in the region of low oxygen 
concentration but of high disorder at the interface.
In the case of the lowest dose rate this regrowth was 
found to occur above 600°C, which agrees well with the results 
of Csepregi et al, There appears to be an annealing
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stage at lower temperatures (=500°C) for the higher dose 
rates. This is attributed to incomplete amorphization 
during implantation due to self annealing, Mayer et al, ' 
have reported the presence of this low temperature annealing 
stage when amorphization is incomplete. Alternatively, 
a polycrystalline layer may have been formed at the higher 
dose rates, which would not be detected by RBS. Upon 
annealing these polycrystallites readily rearrange and 
align with the single crystal silicon substrate even at 
low temperatures, apparently to reduce disorder.
It is interesting to note that the disorder decreases 
more rapidly for the anneals in an oxygen ambient. This is due 
to the excess oxygen bonding with the displaced silicon 
atoms, therefore reducing the interface disorder.
In conclusion we can say that even at a temperature of 
1100°C in an N2 ambient, the interface disorder cannot be 
completely annealed out. Therefore a clean implanted layer- 
silicon substrate interface cannot be obtained. However 
annealing in an oxygen ambient is much more effective.
The capacitance-voltage characteristics indicated that 
a flat-band voltage similar to that from thermally grown 
Si02 could not be obtained and this is discussed in more detail 
in section V I .4. This further illustrates there is a degree 
of disorder present in the layer or at the interface. The 
refractive index results from ellipsometry also confirm the 
presence of disorder, as it was not possible to obtain the 
measured value of refractive index of thermally grown Si02 , 
even for high dose and annealed samples.
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The interface disorder was also assessed by etching 
the oxide layer and obtaining electron channeling patterns 
(ECP) and analysing by RBS. In figure V.17 the ECP of the 
etched samples are, presented. The from RBS was found
to be - 5% and this further indicates that the underlying 
susbtrate is single crystal, as has been reported (22,25)^
It is believed that this interpretation is wrong. As shown by 
the chemical etch rate results, the etchant removes both 
the Si02 and the highly disordered silicon. We conclude, 
therfore that for these samples, and the published results 
(22,25)^ analysis has been performed on samples where the 
disordered layer as well as the oxide were removed. In figure
V.18, are shown micrographs of the chemically etched 
interface region. In micrograph (b), where care has been 
taken to remove only the oxide, it can be clearly seen 
that the interface is heavily disordered.
VI.3.5. Summary
It has been shown that the amount of disorder saturates
16 - 2at a certain dose e.g. 10 ions cm for 40 keV implants and 
an amorphous layer is formed. An apparent decrease in disorder 
is observed (figure V.14) which is attributed to the 
sputtering of the surface layer. The graph of X ^ as a 
function of dose shows the presence of a peak, the cause 
of which is not fully understood.
The total amount of disorder in the layer, was found to 
increase with the increasing implant energy, this is 
explained in terms of the increased energy dissipated by the 
implanted ions. However, the highest interface disorder
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was found to be for the lowest implant energy and this is 
believed to be due to a systematic error introduced in 
defining this parameter.
The interface disorder area was found to decrease 
significantly with increasing dose. The rate of decrease 
of disorder is found to be greatest for the lowest implant 
energy. This again is believed to be due to a systematic 
error in defining the interface disorder parameter.
From the discussion in VI.3.4. it can be concluded that 
the damage at the implanted layer - silicon substrate 
(Si02 - Si) interface cannot be removed completely. It 
appears from our observations that annealing at temperatures 
>1100°C in oxygen ambient results in an interface comparable 
in properties to the thermally grown oxides.
The implant dose rate effects the annealing characteristics. 
The lowest residual interface disorder, for an anneal at 
1000°C in an N2 ambient, is obtained for the highest dose rate, 
however this residual disorder was greater than the oxygen 
ambient anneal at 1 0 0 0°C.
VI.4. Electrical Characterization
VI. 4.1. Breakdown Strength
The dielectric breakdown field (EBD) was found to be of the 
same order of magnitude as for thermally grown oxides. The 
difference as reported in section V.ll.l, in the dielectric 
breakdown field for positive and negative biasing is believed 
to have been caused by the number of surface states, as explained 
by Ghandi^111 .^ From the C-V curves in figure V.30
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the presence of surface states was observed and their 
influence on the breakdown field of the dielectric.
It was observed that annealing has a profound effect on 
the breakdown strength. The EBD decreases initially with 
increase in anneal temperature, however for the higher 
temperatures the breakdown field increases. In the case of 
lower temperature anneals the reduction in the "effective 
layer thickness" (including the disordered interface) 
is dominant over the effect of densification of this layer, 
however the effect of layer densification is dominant for 
anneals above 850°C.
As the breakdown field of annealed samples is comparable 
with the thermally grown oxides, it can be inferred that the 
density of the implantation grown oxides is comparable with 
the thermally grown oxide, as the density of Si02 is linearly
/ g \
related to the breakdown strength .
The permittivity of the implanted layers was found to be 
3.7, for the high dose implants, which is in excellent 
agreement with the permittivity of 3.8 for thermally grown 
oxides. These measurements along with the chemical etch rate 
analysis and the dielectric breakdown confirm that the 
density of the implantation grown oxides is comparable with 
the thermally grown oxides.
VI . 4 . 2 . Characteristics and Resistivity
The pre-breakdown I-V characteristics as shown in figure
V.32, indicate three different regions of• conduction. The slope 
of the first region was expected to indicate an ohmic 
behaviour*'24  ^ with a slope of 1 , but we get a slope of
agree very well with the results reported by Dylewski and
Joshi^2^ .  However, their results were for an 800°C anneal
and the currents measured by them were two orders of magnitude
lower. Dylewski and Joshi^2^  carried out extensive
experiments on the implantation grown oxides and concluded
5 — ithat at low field (<1.2 x 10 Vcm ) intensities the
characteristics were indicative of ionic conduction, however
at higher field intensities the currents through these
oxides are space charge limited^2^ .  From the few measurements
performed in the present project it seems that our
oxides behave in a similar mode, therefore it can be
concluded that analogous conduction mechanisms are responsible.
The general consensus of opinion in the published work
(24 ,25,50,57) . .. . . . . . ,  * 1A14indicate resistivity values of 10 to
1 0 18 ohmcm, however the best resistivity value obtained in
13 ( 53 \the present work is 10 ohmcm. Kirov et al, reported
11 12resistivities of 10 to 10 ohmcm for non-annealed
condition, which is in better agreement with the present
results. Generally the results reported in the literature
were for annealed oxides, we found a much better agreement,
as expected with the results for non-annealed samples^2 ^ '^7)
It was not possible to obtain reliable J-V characteristics
for the annealed samples as equipment for measuring currents 
-13less than 10 Amps was not available.
These lower resistivity results could explain why we 
were unable to obtain the complete C-V characteristics.
As we have only one current density-voltage characteristic,
0.62. The slope of regions "b" and 1 c" of the characteristic
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It is believed that one of the majior reasons for the 
inferior quality of "implantation grown" oxides is the material 
handling. The standard clean room facilities available 
are not good enough to minimise contamination e.g. when 
evaporating contacts. This is verified by curve 1 in figure
V.30 for the device quality thermally grown oxide MOS, as the 
flat-band voltage for this is larger than that expected for 
an ideal device. Also the contacts have to be made small 
enough (<ljom diameter) to reduce the problems with pinholes.
VI.4.3. Summary
It is concluded that the "implantation grown" oxides 
are inferior to thermally grown oxides in some respects, 
and are of comparable quality in others. The high flat-band 
voltage (C-V) of the implantation grown oxides is a definite 
indication that the surface state density at the oxide-silicon 
interface is much higher for implanted oxides. The lower 
resistivity values of "implantation grown" oxides further 
shows that the insulating properties of these oxides are 
inferior. It is believed that the quality of the silicon 
surface prior to implantation and the post implantation 
processing and handling are responsible for this difference 
in quality.
However, the dielectric breakdown strength and the 
permittivity indicate that the oxide density is similar 
to that of thermally grown oxides. In conclusion, it is 
believed that alkali ions have a catastrophic effect on the
the interpretation has to be made with caution.
-  1 6 4  -
conduction (or insulation) properties of oxides whereas 
the dielectric breakdown is relatively unaffected.
Therefore such impurities significantly degrade the electrical 
properties of the implantation grown oxides.
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CHAPTER V II
VII. Conclusions
The possibility of forming Si02 by oxygen implantation 
into silicon has been investigated. The properties of these 
oxides have been studied as a function of the ion dose, 
implant energy and the post implantation annealing treatment. 
This Chapter is a precis of the main conclusions that have 
been drawn from the present work.
VII.1. General Conclusions
(i) Stoichiometry
It was found that Si02 (atomic ratio) can be formed at
18 -2doses greater than 10 ions cm . The minimum dose for 
oxide formation was found to be a direct function of the 
implant energy. Generally it was found that for the lower 
energy implants the doses required to form a buried oxide 
or a uniform layer up to the surface, agreed with the 
theoretical calcualtions. However for the high energy 
implants theory overestimates the required dose for a buried 
oxide and underestimates the dose required to form a uniform 
layer.
Infra red spectroscopy was found to be unreliable for 
determining the stoichiometry of the implanted layer. This 
technique indicated SiO^ ^  when the measured atomic ratio 
from RBS was 1.3 at the peak. RBS was found to be the 
most accurate technique for estimating the atomic ratio, 
however chemical formation of Si02 molecules could be detected 
by IR spectroscopy. Beyond the critical dose the
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stoichiometry of the implanted layer is not effected, however 
the oxide thickness decreases.
Other techniques such as chemical etch rate and 
ellipsometry can also be used to detect the formation of 
Si02 . However both of these techniques were found to be 
useful only for qualitative analysis. Furthermore, accurate 
measurements can only be made for very high dose implants 
(uniform layers) and samples annealed at temperatures above 
850°C.
(ii) Oxide Thickness
The thickness of the oxides formed by ion implantation 
was found to increase with the increase in implanted dose 
and implant energy. However it was not significantly 
effected by the post implantation annealing treatment.
The oxide thickness was found to decrease for doses 
greater than a certain critical dose, for the four energies and 
this was attributed to sputtering of the surface layer.
The thickness was measured using various techniques and 
RBS was found to be the most reliable of these. IR 
spectroscopy and ellipsometry were found to be only applicable 
for high dose implants and samples annealed at greater 
than 850°C. Chemically etched step height measurements were 
found to give erronous results, as both the highly disordered 
silicon and the Si02 layer were etched away.
The oxide thickness measured was found to be 
twice of that theoretically calculated value. The best
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theoretical predictions were made using the molecular 
density of Si02 as the atomic density of silicon.
RBS and the colour chart results were found to be in 
excellent agreement with each other; the chemically etched 
step height technique “results were also found to be in good 
agreement with these two techniques.
The oxide thickness calculated using IR spectroscopy 
was found to be lower than that measured by RBS though 
they followed the trend shown by other techniques.
The ellipsometry results were found to be very different 
from all of these techniques. This was thought to be due to 
the "implantation grown" oxides being a complex, multi­
layered system.
(iii) Disorder
An amorphous layer was formed for doses greater than
16 - 2saturation dose e.g. 10 ions cm for 40 keV implants. A
range of doses was found where the disorder in the layer
does not change, however beyond a critical dose e.g.
17 - 25 x 10 ions cm at 40 keV both the total disorder as shown
in figure V.14 and the interface disorder as shown in figure
V.15 were found to decrease significantly. This decrease is
believed to be due to sputtering of the implanted layer, and
this was confirmed by experimental observations. The
parameter X . had a pronounced peak at doses where both SiO^ m m  L ^
and Si02 molecules are present in the layer. This
peak is thought to be due to enhanced dechanneling of the
helium beam because of the phase change.
as expected, with the increase in implant energy, i.e.
thicker amorphous layers were formed.' The interface
disorder was found to be highest for the lowest energy.
This is believed to be due to an anomaly in the definition of
the disorder parameter, rather than a real effect. The
differences in the rate of decrease in the interface disorder
is similarly thought to be due to the definition of the
parameter. The interface disorder for the very high doses of
18 - 2typically 2-3 x 10 ions cm was found to decrease by an 
amount equivalent to an anneal of 800°C as shown by figures 
V.15 and V .16.
It was observed Also that the damage at the implanted 
layer-silicon substrate (Si02 -Si) interface cannot be 
removed completely. However we can infer from figure V.16, 
that annealing at temperatures >1100°C in an oxygen ambient 
will result in an interface comparable in properties to 
thermally grown oxides. The dose rate also has a significant 
effect on the annealing characteristics, the lowest residual 
damage was found to be for the highest dose rate.
(iv) Electrical
The insulating properties of the "implantation grown" 
oxides were found to be inferior, resistivity lower by two 
orders of magnitude, to thermally grown oxides. The surface 
state density at the oxide-silicon substrate interface was also 
much higher, larger flat-band voltage of C-V curves. Both of 
these effects are considered to be due to impurities introduced 
during pre-implantation handling and the post-implantation
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The total disorder in the layer was found to increase,
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treatment and handling. Therefore it is believed that with 
sufficient care and cleanliness this problem can be overcome.
The dielectric breakdown and the permittivity were 
found to be comparable with thermally grown oxides. This 
indicated that the density of the implantation grown oxides 
was comparable with the density of thermally grown oxides.
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FUTURE WORK
In the light of our results and published work, we 
suggest that further investigation into the following 
topics will enhance our understanding of compound formation 
by ion implantation, especially silicon oxide formation:-
(a) A more thorough investigation into the electrical 
properties, i.e. insulating properties of the 
"implantation grown" oxides.
(b) Higher energy implants to form buried oxides and 
growing epitaxial silicon layers on these oxides.
(c) Laser and Electron Beam Annealing to investigate 
a possible "all vacuum" technology technique for 
producing devices.
In addition structural studies (TEM) could enhance our 
understanding and expldin anomalies such as peaks in the 
Xmin va3*ues- Study of both oxygen and nitrogen implantation 
to form MNOS structures.
( 2 )Furthermore, as Izumi et al, have shown devices can 
be made on these buried oxides formed by ion implantation.
It is believed that electron beam and laser annealing should 
be investigated thoroughly in an effort to develop a clean all 
vacuum technology for the production of devices.
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Appendix 1
In this appendix we describe the procedure used to
calculate the sputtering ratio and allow for it in the
calculation of oxygen to silicon ratio. It is assumed that
the implanted ion distribution is in the form of a gaussian
which has the peak concentration at projected range (Rp)
(55)and has a standard deviation (ARp) . The equation that
completely describes the form of the Gaussian, for the
, . , (8 6 ) implanted ions is given by:
N (x) = N max exp x 2) jjLons cm  Al-1
where X = X~RPARp Al-2
and the maximum concentration (Nraax) is given by:
NP
N max = /2tT ARp ........ A 1 3
where ND is the implanted dose.
Therefore for a known value of x, we can estimate the 
concentration of implanted ions r for a given implanted dose
Firstly we estimate the peak oxygen to silicon ratio using
+-• ( 8 6 ) the equation :
N max(o) ...............  Al-4
M - Nsi
22 - 3where Nsi is the silicon density (5 x 10 atoms cm ).
From this peak oxygen to silicon ratio we estimated
the new range of the ions, knowing the range in silicon
(5 5 )(Rpsi) and in silicon dioxide (Rpsi02)
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Corrected range Rp = Rpsi +
RpslC>2 - Rpsi
—
’  0
j
-  s i _
. . .  A l - 5
Where the [o/sij value is always <2 for the calculations. 
The standard deviation was similary calculated.
Corrected standard deviation
ARpsiC>2 - .ARpsi
ARp = ARpsi +
’o ’
... Al - 6
_Si
The subscripts in
each case indicate the material concerned.
From these two values of range (Rp) and standard 
deviation (ARp), the ratio of the surface concentration was 
estimated^88  ^ using equation Al-1.
The sputter rate was then calculated, using the 
oxygen to silicon ratio at the surface, as the sputtering is 
a surface phenomenon. The total number of atoms sputtered 
for that particular dose was then calculated.
(59)
The atomic density of the implanted layer was then
calculated, knowing the density of single crystal silicon
(59)and the density of silicon dioxide and the appropriate
oxygen to silicon ratio. The density of the implanted layer 
is given by:
D = Dsi +
DsiC>2 ~ Dsi J 'o
2
_ s i _
atoms cm - 3 Al-7
From the calculated implanted layer density and the 
number of atoms sputtered, the thickness of the sputtered 
layer was calculated.
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Number atoms sputtered
d =    . . . Al - 8
density of layer
The distance at which the surface is from the peak 
concentration is reduced, hence the apparent range is 
decreased. Therefore the new oxygen to silicon ratio could 
be calculated.
From the new oxygen to silicon at the surface, the 
corrected sputtering ratio was calculated. Using this 
sputtering ratio, S ’, the peak concentration was again 
calculated:
0 0 r i= [i - s]
Si final Si L J
where the (0/Si) in equation Al-9 is the initial ratio, 
calculated without allowing for density change and layer 
removal.
On the following pages we present the flow chart and 
the computer programme (in BASIC) used to carry out these 
calculations..
- 179 -
- 180 -
- 181 -
/ is  A6 < 2 \  YES
NO
SET A6 = 2 
NEW SPUTTER RATIO (A7)
NEW SPUTTER RATIO (A7)|
NEW PEAK CONCENTRATION (C2)
DATA
-  1 8 2  -
i n p r im tmp: rni:/u.'*.'v i n  n a t.r - r  at*-* th e  s ^ r t t i
0 p PH T NT ’' A VR n /  5 I ' ■*'  T n "
t\ n n T p ( rH )  , S ( on i
5 0 RE-A • ' v 1 > X °  > 1 y 5 °  U  1 y V 9 * M I >
A n  p p ;  t =  1 T P  o n  
7 0 Hpnn R ( j )
«n v v v r  i 
n n T=l
inn  7 1 -  ( v < I ) /  ( C 2 + C n o / 7 )  ) * n . 9)
110 R = C 7.1 /Y 1 > X 1 *
i on  t K E<° T* R\N IPO 
ISO n_n
1 9 o v BY1 - ( C Y 1 -Y9 ) / 9  ) *9 
1 7 n x ax 1 - ( c >T -X9 ) /o ) *n 
l «n  pPTfi p i n
190 Y - Y l - < C Y 1 - Y 9 ) / 9 ) * R  
90 0 X=:<1 -C CXI -X9)  / 9 ) * H
9 10 R I = C X 1 /Y ) /X
990 IF P I <9 THEY 99 fl 
9 9 0 '">1=0
9 A n M=Mp - C ( \T9 -Ml ) /P  ) +0 1
OA 9 n = ( 5+( . 9  9 + 91 > )* 0 .  1EP3
97 0 RPT nog n
9 ci n \i -M9 _ ( c \tp -  M1 ) / p  ) + R 1 
9 9 9 n a C 9 -I- n „ 0 9 *H 1 ) ) * O .  1 EP3 
PQfl f/rr'O/Y
9 0 0 Y 1 ! ■ C - . 9 * ( Y T P > )
910 AJsrVl+Pl
990 TP A 1 <9 TWVV 9 An
9 30  91=9
9/1 0 p 1 = 3 1 + ( ( s 9 - s  1 1 / 9  *p 1
990 o n r n  970
9 A n ?  1 =3 1 + C C S 9 -S t ) / 9  + A 1
97 0 T I = P 1+ X Cl )
i n n  i p  p ;  1 < °  T'U P’ RAO
/)9n a 9 =T 1 / R ; 09 =m-a,o : a,/i =at /Y
/! A 11 A 9 = PX P ( 0 . 9+ c A/I t 9 ) ) ; A A =A 5 * W 1
070  TP AA<9 T9PM 9nn
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.non a p t n p in
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9 A 0 PR l VT"9.9PUT RAT'S A? ; "D/ST C n> , A9 ; " P / S I  (PlNI .R’S n  :
33 0  PHj MT.'i.APR RE^" , AP ; "J.AER RFM'S D j "  1 3 PUT RAT'SPl  
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A n 0 T = T + 1
A 1 0 T ET <p/'.T'-N\V 1 0 0
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AT 0 RATa
Energy (Channel number) to depth scale conversion
Appendix 2
This appendix describes the procedure to be followed 
for calculating and converting the energy scale of the RBS 
spectra to a depth scale. Therefore rendering the thickness 
of the damaged layer, (the oxide formed), also the depth 
distribution of the implanted purity.
The theoretical calculation is compared with the 
experimental value and the agreement was found to be good, 
if the density of the oxide is assumed to be of a certain 
value.
oxide thickness = t
Kmo = kinetic factor of recoil for oxygen
Kmsi = kinetic factor of recoil for silicon
M x Cos6 + (M2 2 “ Sin20)  ^ 2 (68)
Km A2-1
Mi + M2
for 4He+ = 4 e 150°
Kmo 3.8502 x 10 - 1
Kmsi 5.8545 x 10 - 1
e I  dE N dx A2-2
N M
M dE
dx
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N is the number of target atoms per unit volume. 
dE/dx is the energy loss per unit length.
Nq is Avogardro's number 
M is atomic mass
p is denisty (mass per unit volume) 
hence we may say that e is the energy loss based on the 
number of atoms per square centimeter that are traversed
E9n - Kmo E-,
{Kmo / Kmsi}
E2S. = I<msi Ex
density of thermal oxide = 2.27 (B.C. Eastern) ,
Molecular Weight of Si02
M_ . „ = 28.096 + (2 x 15.999)Sio2
= 60.09
Number of Si02 molecules per cubic cm.
where e is the stopping cross section
N =
N^P
M
6.025 x 1023 2.27
60.09
, 2 2N = 2.2759 x 10 molecules/cm8
N = 6.8277 x 1022 atom/cm3
Bragg 1s Law
e S i 0 2  = 1  £ S 1  + 2 ' £°  = E g l  * ' 2E°
1 + 2 3
Initial energy Eq = 1.5 MeV
for E e o o
Si =
1 5  2 —1 ( 7 1 )4.1.54 eV(10 atoms/cm )
56.84 eV(1013 atoms/cm2) 1
dE
dx SiO 2
Si02= 56.84 + 2 X 41.54
46 .64 e V (1015 atoms/cm2) -1
eSi02NSi02
2 9 —IB46.64 x 6.8277 x 10^z (eV 10 /cm)
4 .664 x 6 . 8277 x 1023 x 10’"15 (eV/cm)
dE
dxL 02
dE
dx Si02
3.1844 x 10y (eV/cm)
3.1844 x 10 (eV/8)
= 3.1844 x 10~2 (keV/8)
take oxide thickness t = 1000 8
After penetrating to half depth calculate the energy 
of helium ions, thus the energy loss per unit length.
AE.
AE
E
E
dE t 
dx 2
= 3.1844 x 10'
= 15.9222 keV
= E - AE. o 1
= 1500 - 15.9
= 1484.1 keV
x 500 (keV)
For this energy (i.e. energy of helium ions after they 
have penetrated depth of 5008) the stopping cross section is
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e . = 57.11 eV (10ol3 atoms/cm2) 151 ,
eSi02 “ 46.865 eV (1018 atoms/cm2) 1
—  I . = eSi02NSi02dx I m
= 4.6865 x 6 .8277 x 102 3 10"“26 (keV/8 )
|f | in = 3. 1998 x .10"' (keV/8 )
After penetrating a further depth of 500°A, we can 
calculate the energy of the helium ions.
eQ = 41.74 eV (10°18atoms/cm2) 1
a-c* dE I tAE~ = -=— . X2 dx j m  2
= 3.1998 x IO"' x 500 keV
AE2 = 15.994 keV
E 1  E 1  A E 2
= 1484.1 - 15.99 keV
E = 1468.1 keV
This is the energy of the helium ions before impact, 
after penetrating a depth of 1000°A.
Energy of helium ions after collision depends upon 
on which atom the helium ion collides with
td ro o II Kmo E
E2Si Kmsi E^
E 20 = 3.8502 x 1 0 " 1 x 1468. 1 = 565.25 keV
E2Si 5.8545 x 1 0 " 1 x 1468.1 = 859.5 keV
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The magnitude of energy loss per unit length 
(dE/dx out) will be different for the two cases, since the 
helium ions leave at different energies after collision.
Oxygen
~ |  = eSi02* NSi02dx i out
since the helium ions still have to pass through the same 
material (i.e. same atomic density).
E 
e
'20 565.25 keV
o = 47.13 e V (1 0 1 5 atoms/cm2) 1 (71)
Si 70.92 l 5eV (10 atoms/cm2) 1 (71)
Si0 2 = 55.06 e V (1 0 1 5 atoms/cm2) 1
dE e_ . AA . A A3 — = Si02 Si02dx
dE
dx
5.506 x 101 x 6.8277 x 1022 (10“ 26 keV/8 )
3.7593 x 10" 2 (keV/8 )
A E _ - j _3 dx 2
dE t 
x = 5OO/Cos0=577°A
AE3 = 3.7593 x 10" 2 x 577 keV
AE3 = 21.70 keV
E 30 “ E20 “ AE3
= 565.25 - 21.7
E130 = 543.5 keV
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46.76 eV(1013 atoms/cm2) 1
GSi = 70.82 eV(l013 atoms/cm2) 1
eSiO 2= 54 .78 eV(1015 atoms/cm2) " 1
(71)
(71)
oxygen dEJdx I out = 54.78 x 6.8277 x 1022 (10~26keV/8)
OXygen Hxl out = 3.7429 X  10 2 (keV/8)
AE
AE.
E30
E30
FOR SILICON
3.7429 x IO"' x 577 keV 
21.59 keV 
543.5 - 21.95 keV 
521.9 keV
E2Si
Si
eSi02
859.5 keV
47.02 eV(l013 atoms/cm2) 1
68.50 eV(1018 atoms/cm2)-1 
54.18 eV(1013 atoms/cm2)-1
(71
(71!
dE
dx
dE
dx
AE
AE
£ NSi02 SiO 2
5.418 x 6.8277 x 1023 10" 26 (keV/8) 
3.6992 x IO-' (keV/8)
3.6992 x 10 2 x 577 keV 
21.34 keV
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E 1 . = E0 . - AE3 Si 2si s
859.5 - 21.3
E31si = 838.2 keV
£q = 48.17 eV(101 8 atoms/cm2 ) 1 (71^
eS± = 68.84 eV(l018 atoms/cm2 ) 1 (71)
. . ESi02 “ 55.07 eV(1013 atoms/cm2) 1
Silicon . . ||| Qut = eSi02 NSi02
= 5.507 x 6.8277 x 1023 x 10~26(keV/8)
dEI
dx| out = 3.76 x 10 2 keV/8
AE6 = 3.76 x 10 2 x 577 keV
AEC = 21.69 keV6
E3Si = 838*2 ~ 21.7 keV
E.c , = 816.5 keV■j S X
Hence we can now write the energy loss factor [ S J 
for both oxygen and silicon.
for oxygen [s]
Si02
SiO 2 n -p f , t?
for siliconkSJ. = Kmsi 3—  . r-^ — 5—. 3—g-L dxl m  I CosG I dx
Kmo dEdx
Si02 dE
in | Cos 0 i dx
Si02 
out 0
Si02 
out Si
and from this
AEo
AESi
SiO 2
L l o
SiO 2
[s].s i  t
( 6 8 )
(68)
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parts
Si02
[s] = {(5.8545 x 10 1 x 3.1998) + (1.1547 x 3.76)}
S i  _ 2x 10" (keV/8)
= (1.8703 + 4.34167) x IO"* (keV/8)
Si02 _2
LSJ. = 6.212 x 10 keV /R
•: Si
The energy width of the spectrum for the respective
Si02
[s] = {(3.8502 x 3. 1998 x 10 1) + (1 . 1547 x 3.7429)}
°  2
x 10“ (keV/R)
= (1.323 + 4.322) x IO-* (keV /R)
S 1 0 2  —2[s] = 5.554 x 10 keV/8
o
The energy loss factor was calculated for various other 
oxide thickness and the results are tabulated on the 
following page.
It can be seen that the energy loss factor is almost 
independent of the oxide thickness, but it is very 
significantly dependent on the atomic denisty of the material 
being analysed. This approach was applied to calculations of 
oxide thickness, and the comparison between the theoretical 
[s] factor and the measured [sj factor was very good.
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PRECIS
In the course of the present work the formation of 
silicon oxide layers by oxygen implantation into single 
crystal silicon, was investigated. The assessment of the 
physical, the optical and the electrical properties of the 
"implantation grown" oxides was carried out as a function 
of implant conditions, ion dose and energy, and the annealing 
treatment. Rutherford backscattering (RBS) of helium ions 
(1.5MeV) was the major diagnostic tool. IR, C-V, J-V, 
ellipsometry and chemical etch rate techniques were used to 
compliment the RBS results.
The properties of the "implantation grown" oxides were 
compared with the thermally grown Si02 to ascertain their 
quality and possible applications in semiconductor technology
Layers formed by implanting oxygen doses of 1018 to 
18 —23 x 10 ions cm , at energies of 40, 60, 80 and 120 keV, 
were analysed, by RBS, to determine:
(i) the implanted oxygen profile.
(ii) the stoichiometry of the layer.
(iii) the radiation damage.
At low doses a good agreement of oxygen profiles was 
found with theory. The oxygen content of the layer was found 
to be preportional to the implanted dose, until the peak 
oxygen to silicon ratio reached a vdlue of 2. In the case 
of higher doses a uniform Idyer was formed due to the 
oxygen concentration increasing mainly in the'region between 
the peak and the surface. The thickness of this uniform 
layer was found to be approximately twice the projected range
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In the case of very high doses i.e. >> saturation dose 
the area under the oxygen profile was found to decrease, 
implying the oxide thickness had decreased. However the 
stoichiometry of the layer was not affected.
Stoichiometric Si02 was found to be formed for a peak
2 3  3
oxygen concentration greater than 10 ions cm
The radiation disorder, as characterized by the disorder
peak and the yield X behind the implanted layer, saturated
16 - 2at a dose of approximately 10 ions cm for 40 keV implants.
Annealing at a temperature of 1000°C in N2 ambient had 
an insignificant effect on the RBS spectra of the implanted 
layer, however the disorder area at the interface was 
reduced by 70%.
The three most striking observations that have been 
made, from the RBS analysis are:
(a) the implanted layer thickness "decreased" with 
increasing dose beyond the saturation dose.
(b) the disorder peak at the interface "decreased" with 
increasing dose, once a uniform layer had been formed.
(c) the X . rises to a "peak" for a dose when oxygenmin c
to silicon ratio is unity.
The IR transmission measurements confirmed the formation 
of stoichiometric Si02 and the reduction of the implanted 
layer thickness. However, the IR measurements were found to 
be only useful for qualitative analysis, this technique is 
unreliable for quantitative analysis.
From the C-V measurements, the dielectric permittivity
of the implanted layers (high doses and fully annealed) was
found to be 3.7, similar to thermally grown oxides. The
flat-band voltage was found to be higher for "implantation
grown" oxides. The measured dielectric breakdown field
of 8 x 108 Vcm 1 was comparable however the resistivity of 
133 x 10 ftcm of these layers were inferior.
Chemical etch rate of 2.2 8 sec 1 for the hd/gh dose 
and fully annealed samples was found to be similar to that 
for thermally grown oxides which suggests similar densities. 
The refractive index of implantation grown oxides was 
measured to be 1.4 to 2, and it was concluded that these 
results were unreliable.
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